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ABSTRACT 
 This study utilizes major-, trace- and rare earth elements, as well as radiogenic 
isotopes (Rb-Sr, Sm-Nd, Pb), in bulk sediment, extracted glass shards, and discrete ash 
layers, at Ocean Drilling Program Site 1149 (Izu-Bonin Arc), Deep Sea Drilling Project 
Site 52 (Mariana Arc), and Integrated Ocean Drilling Program Sites C0011 and C0012 
(Nankai Trough) in order to characterize and quantify the abundance of dispersed ash, 
rather than discrete ash layers, in sediments from the Northwest Pacific Ocean. 
Combination of the geochemical methods with multivariate statistical techniques, such as 
Q-mode Factor Analysis and multiple linear regressions, allows for differentiation of 
unique chemistries of the dispersed ash, and the terrigenous components. Therefore, we 
can document sources that change through time and space. 
At Site 1149 the bulk sediment is a mixture of two dust and two dispersed ash 
sources. The two dust sources show contrasting accumulation patterns changing over at a 
tectonically and climactically active time in Earth’s past (~22 Ma) and yield a more 
complete history of Asian aridity than has been previously considered. We interpret the 
source of the ashes as basalt from the Izu-Bonin Front Arc (IBFA) and rhyolite from the 
Honshu Arc (HR). Comparison of the dispersed ash component to the discrete ash layers 
	  	   vii 
suggests that eruption frequency, rather than eruption size, drives the dispersed ash 
record. In contrast, at Site 52 Chinese Loess, IBFA, dispersed boninite from the Izu-
Bonin arc, and a dispersed felsic ash of unknown origin are the sources. Interestingly, 
there are no boninite layers, yet boninite is dispersed within the sediment. Changes in the 
volcanic and eolian inputs through time indicate strong arc- and climate-related controls. 
The bulk sediment at Site C0011 is characterized by eolian dust, HR, and a dacite 
of unknown origin. Site C0012 is comprised of eolian dust, a dacite of unknown origin, 
as well as dacite and andesite from the Izu-Bonin Arc. Analysis of the total ash record at 
these two sites provides insight into subduction zone mass balance and water budgets as 
well as information about the changes in physical properties that result from the alteration 
of volcanic ash.  
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CHAPTER 1 
Introduction and Overview 
In the modern era, marine scientists’ interest in volcanic ash can be traced back at 
least to the HMS Challenger expedition. Indeed, “What is marine sediment made of?” is a 
question that has been asked for 100’s of years, and it is remarkable how little we still 
know about key aspects of ocean mud. Many studies focus on discrete ash layers and how 
to link their presence with explosive volcanism, climate, arc evolution, biological 
productivity, geochemical cycling within subduction zones (that is, the “Subduction 
Factory”) and other processes (e.g., Kennett et al., 1977; Ninkovich et al., 1978; 
Ledbetter and Sparks, 1979; Sigurdsson et al., 1980, 2000; Carey and Sparks, 1986; Lee 
et al., 1995; Cambray et al., 1993, 1995; Carey, 1997; Straub and Schmincke, 1998; 
Carey and Sigurdsson, 2000; Bryant et al., 1999, 2003; Straub and Layne, 2002, 2003 a, 
b; Rose et al., 2003; Straub, 1995, 2003; Straub et al., 2004; Kutterolf et al., 2008a, b, c; 
Jones and Gislason, 2008; plus many others).  
Reconstructions of eruption intensities and atmospheric wind patterns have been 
based on grain size characteristics and inferred dispersal patterns of the ash found in these 
discrete layers, both at sea and on land (as cited above). Ash also figures prominently in a 
number of sedimentary and petrophysical aspects, including how the fluid budget of 
subducting sediment will be affected by hydration/dehydration reactions (e.g., 
Underwood and Pickering, 1996; Saffer et al., 2008). Finally, volcanic ash and eolian 
dust input to the surface ocean contributes nutrients to the surface ocean and are thus 
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important for trace metal cycling, biological productivity, climate change, and allied 
biogeochemical studies (Olgun et al., 2011). 
Dispersed ash is the result of bioturbation of pre-existing discrete ash layers, the 
settling of ash through the water column, eruption of subaqueous material, the delivery of 
ash eroded from terrestrial deposits, and other processes. While often only qualitatively 
addressed (e.g., via sedimentological smear slides), dispersed ash nonetheless could have 
a considerable effect on subduction zone chemistry, and subsequently on crust and 
mantle composition (e.g., Plank & Langmuir, 1998), just as does the ash that occurs in 
discrete layers. Previous studies based on sedimentological smear slides and other 
traditional methods commonly show dispersed ash to comprise as much as 30-40 wt.% of 
the bulk sediment in key areas, which has been confirmed by geochemical and statistical 
approaches (e.g., Peters et al., 2000; Scudder et al., 2009). Because discrete ash layers 
have been studied heavily in sediment from the northwest Pacific Ocean, I am able to 
exploit this prior research to provide the tectonic and geochemical template for me to 
pursue studies of the dispersed ash component of deep sea sediment.  
Given that dispersed ash has previously been relatively overlooked, there has been 
a wealth of new information acquired--and new approaches taken--over the course of this 
project. My approach is geochemical in nature: over the course of my PhD I have 
analyzed major-, trace- and rare earth elements, as well as radiogenic isotopes (Rb-Sr, 
Sm-Nd, Pb), in bulk sediment, extracted glass shards, and discrete ash layers, from seven 
(7) carefully selected Deep Sea Drilling Project (DSDP), Ocean Drilling Program (ODP), 
and Integrated Ocean Drilling Program (IODP) sites in the northwest Pacific Ocean. 
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Combing these new analyses with extant data (particularly of glass shards), I have been 
able to construct an internally consistent, spatially cohesive, and temporally constrained 
database from which variations in ash input, the authigenic fraction, and terrigenous 
supply, throughout the region can be evaluated using standard geochemical approaches, 
component-specific geochemical analyses, mass balances, and multivariate statistical 
techniques. The combined geochemical and statistical approach can provide a more 
complete record of volcanic history and detrital provenance than reliance on one method 
alone.  
In this dissertation I present results of my work from four sites in the northwest 
Pacific Ocean (DSDP Site 52, ODP Site 1149, and IODP Site C0011 and C0012; Figure 
1.1) in an effort to accurately differentiate unique chemistries of the dispersed ash and the 
terrigenous components, and document sources that change through time and space. I 
present in the appendices geochemical data from three other sites (DSDP Sites 444, 579, 
and 581; Figure 1.1) that I will be preparing for publication in the coming year. 
Additionally, I present the MATLAB codes, which form the basis for all of the statistical 
analyses performed on the data at these sites, as well as a detailed “how to” guide for 
each of the statistical methods.  
Accordingly, this dissertation is structured with four individual chapters in 
addition to this Chapter 1. Each chapter is a manuscript that has either been published 
(Chapters 2 and 5), is in the review process at a leading peer-reviewed journal (Chapter 
3), or is still being finalized prior to imminent submission to a separate leading peer-
reviewed journal (Chapter 4). The contents of each chapter remains unaltered from the 
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published or submitted manuscripts, including figures, tables, references, and any on-line 
“supplementary materials” associated with a given manuscript. For those chapters still 
enjoying the review process in the open literature, the interpretations and discussions that 
appear in the final publication will supersede the interpretations and discussions 
presented here.  
The first manuscript (Chapter 2), “Regional-scale input of dispersed and discrete 
volcanic ash to the Izu-Bonin and Mariana subduction zones” was co-authored with, in 
order, my dissertation advisor, R. W. Murray, as well as J. C. Schindlbeck, S. Kutterolf, 
and F. Hauff (all at GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany), 
and C. C. McKinley (formerly an undergraduate advisee of Murray’s at Boston 
University, now a PhD student at Texas A&M University, College Station, Texas). This 
manuscript is now “in press” at Geochemistry, Geophysics, Geosystems (hereafter 
abbreviated as “G3”; doi: 10.1002/2014GC005561). This paper geochemically and 
statistically characterizes the bulk marine sediment and ash layers of two sites, ODP Site 
1149 and DSDP Site 52. Site 1149 was the earlier focus of my MA thesis (Boston 
University, 2009; published as Scudder et al. (2009) in Earth and Planetary Science 
Letters), which documented strong correlations between the sources of ash material and 
the eruptive history of the region, with increases in dispersed ash accumulation 
corresponding to independently documented increases in volcanism. The work in the G3 
paper (Chapter 2) moves beyond the scope of Scudder et al. (2009) by greatly expanding 
the element menu and sample set at Site 1149 (including ash layers), which allows for 
testing of statistical consistency and also for a more resolved understanding of the 
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geochemical sources. We also compare and contrast Site 1149 to a new location, Site 52, 
which is located east of the northern Mariana Trench. To our knowledge Site 52 contains 
one of the highest amounts of volcanic ash (non-ignimbrite) in the region. My 
multivariate statistical treatments at Site 1149 identify two eolian dust sources and two 
sources of dispersed ash as best explaining the bulk sedimentary composition. At Site 52, 
four end-members also comprise the bulk sediment, one eolian dust source and three 
ashes. At Site 1149 (drilling recovery at Site 52 was too poor to allow this analysis), 
comparison of the dispersed ash mass accumulation rate (MAR, g/cm2/ky) to a series of 
ash layer parameters indicates that the number of ash layers closely tracks the dispersed 
ash MAR. Thus the frequency, rather than the size, of volcanic eruptions is driving the 
dispersed ash record. At both sites, changes in the volcanic and eolian inputs through 
time indicate strong arc- and climate-related controls. 
The second manuscript (Chapter 3) was a collaborative project titled “Cenozoic 
Evolution of Asian Aridity: Evidence from Dual Sources of Dust to the Pacific Ocean 
Over 60 Ma” and was co-authored with, in order, R. W. Murray, Hongbo Zheng (Nanjing 
Normal University), and Ryuji Tada (University of Tokyo). This paper was submitted to 
Geophysical Research Letters on November 23, 2014 and is currently “in review”. This 
chapter documents the changes in the two dust sources at Site 1149 over the past 60 Ma. 
Based on geochemical and multivariate statistical methods, one of the dust components is 
identified as the canonical “Chinese Loess”, while the second is a newly discovered 
Asian dust input (“Eolian 2”) for which we do not have a specific source. This second 
source, however, is compositionally distinct from Chinese Loess and instead appears to 
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be similar to general Upper Continental Crust (UCC), which has historically been 
approximated as intermediate igneous/volcanic rocks (Taylor and McLennan, 1985). Its 
only delivery pathway to Site 1149 is eolian. While Chinese Loess, UCC, and other 
general “crust” compositions are broadly similar (Taylor and McLennan, 1985), there are 
nonetheless distinct compositional differences between Chinese Loess and UCC that 
allow these two materials to be discriminated from each other. The accumulation pattern 
of the second dust source highlights the contrast between the older Cenozoic record (from 
60 Ma to 22 Ma), which is characterized by the decrease in Eolian 2 accumulation, and 
the younger Cenozoic (from 22 Ma to the modern), which reflects the ascendency of 
Chinese Loess. This time period from ~25 Ma to 20 Ma, therefore, may represent a 
fundamental boundary in the hydrologic behavior of the Asian interior, and may be 
manifest in terrestrial systems (e.g., Zheng et al., 2013) as well as marine records. This 
change at a tectonically and climactically active time in Earth’s past indicates that the two 
dust sources are best interpreted in the context of their dual occurrence to yield a more 
complete history of Asian aridity. To our knowledge, this is the first time deep sea 
deposits so rich in volcanic ash have yielded their secrets about the aluminosilicate dust 
component. Usually, researchers focusing on the eolian dust record painstakingly avoid 
sequences with appreciable amounts (> 5%) of volcanic material, as the ash irrevocably 
masks the terrigenous input. Accordingly, this paper shows how our combined 
geochemical/statistical approach addressing dispersed ash opens up new horizons of 
eolian research as well. 
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The third manuscript (Chapter 4), “The importance of dispersed volcanic ash as 
an input the Nankai Subduction Zone” applies the geochemical and statistical methods 
outlined in the prior two chapters to IODP Sites C0011 C0012 in the Nankai Through. 
The samples used in this study were collected on two IODP Expeditions (Expedition 322, 
in 2009 and Expedition 333, in 2011) on which I was a Shipboard Participant. This 
manuscript, which is co-authored by R. W. Murray, J. C. Schindlbeck and S. Kutterolf 
(both at GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany), and M. 
Underwood (University of Missouri), is still in preparation. It will be submitted to Earth 
and Planetary Science Letters in January, 2015. Perhaps the most important result from 
this work is that at these two sites the mass of volcanic ash that is dispersed within the 
bulk sediment is 15-25 times the mass of that found in the discrete ash layers. This work 
identifies three sources to the bulk sediment at Site C0011. One of these sources is 
interpreted as being eroded continental material and the other two are dispersed volcanic 
ash of dacitic composition. One source is interpreted as being continental material, one is 
rhyolitic ash originating from the Honshu Arc, and the other is rhyolitic-dacitic ash. At 
Site C0012, we identify a continental source and three volcanic ashes. The dispersed ash 
includes a rhyolite and an andesite originating from the Izu-Bonin Arc, as well as dacite 
consistent with our ash layers. As described in the manuscript (chapter), comparison of 
the mass accumulation rates (MAR, g/cm2/ky) of the dispersed ash component and ash 
layer parameters finds that there is a divergence between the two. In brief, at both sites 
there is a marked increase in dispersed ash MAR where the number and thickness of ash 
layers decreases to virtually none. The gap in the ash layer record speaks to the 
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importance of studies of the dispersed ash component as together the layers and dispersed 
ash can present a more complete record of volcanism then either one alone.  
Finally, the fourth manuscript (Chapter 5) “Multivariate Statistical Analysis and 
Partitioning of Sedimentary Geochemical Data Sets: General Principles and Specific 
MATLAB Scripts” presents the background to and users guides and MATLAB codes for 
our multivariate statistical techniques. This paper was published in Geochemistry, 
Geophysics, Geosystems in 2013 (doi:10.1002/ggge.20247), and at its time of publication 
was a “Featured Article” by EarthChem (www.earthchem.org). The authorship of this 
manuscript is, in order, N. G. Pisias (Oregon State University), R. W. Murray 
(corresponding author), and me. Where Pisias provided the original MATLAB scripts 
(based on Leinen and Pisias, 1984, and other subsequent publications), Murray wrote the 
background material, and I was responsible for generating the appendices including the 
users guide. These appendices are longer than the text, and are the key guts of the paper. I 
also provided assistance in writing and editing the manuscript as well as copious amounts of 
testing and debugging of the MATLAB scripts. The goal of this paper and its inclusion in 
this dissertation is to provide transparency to what is often a “black box” procedure. 
Additionally, open access to this information can encourage consistency of its application.  
Research that I performed during my dissertation also produced several publications 
and products that are not featured explicitly in this document. Most notably, I am a 
significant co-author on two other publications with our German colleagues Kutterolf and 
Schindlbeck, as follows:  
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Kutterolf S., Schindlbeck J. C., Scudder R. P., Freundt A., Pickering K. T., Saito 
S., Tani K., Labanieh S., Naruse H., Underwood M. B., and Murray R. W., 2014, 
Large volume submarine ignimbrites in the Shikoku Basin: An example for 
explosive volcanism in the western Pacific during the late Miocene. G3 
(Geochemistry, Geophysics, Geosystems), 15, 1837-1851, 
doi:10.1002/2014GC005263. 
 
…and… 
 
Schindlbeck J. C., Kutterolf S., Freundt A., Scudder R. P., Pickering K. T., and 
Murray R. W., 2013, Emplacement processes of submarine volcaniclastic 
deposits (IODP Site C0011, Nankai Trough). Marine Geology, 343, 115-124, 
doi:10.1016/j.margeo.2013.06.017. 
 
For each of these papers, I was not merely a “courtesy” co-author and instead 
contributed significantly in terms of data as well as intellectually to each paper. Indeed, 
as should be apparent from the author lists of my own publications, as well as these two 
papers, that the collaborations with my German colleagues and others has contributed 
vastly to my graduate school success. 
Finally, the research of my dissertation also involved overseeing projects of 
several undergraduate student theses and Directed Studies. These were central to my 
research progression. One of these projects (by C. C. McKinley) resulted in her co-
authorship on the G3 paper presented here as Chapter 2. Her work, as well as that of two 
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others, is listed below. I anticipate Ms. Lauzon and Ms. Gwizd will be co-authors on the 
future paper(s) that result from this aspect of my work as well. 
Gwizd, Samantha, Work for Distinction (Department of Earth Sciences), 
2013, Geochemical Characterization of Dispersed Ash at Deep Sea 
Drilling Project Site 444: Shikoku Basin. 21 pp. 
 
Lauzon, Rebecca, Directed Study (Department of Earth Sciences), 2013, 
Geochemical Analysis of Deep Sea Drilling Project Sites 579 and 581. 25 
pp. 
 
McKinley, Claire C., Directed Study (Department of Earth Sciences), 
2012, Geochemical Characterization of Volcanic Ash at Deep Sea Drilling 
Project Site 52, Northwest Pacific Ocean. 14 pp. 
  
 
 
 
Figure 1.1: 
Locations of 
DSDP, ODP, and 
IODP sites 
presented in this 
dissertation.  
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CHAPTER 2 
Regional-scale input of dispersed and discrete volcanic ash to the Izu-Bonin and 
Mariana subduction zones  
	  
Abstract 
We have geochemically and statistically characterized bulk marine sediment and ash 
layers at Ocean Drilling Program Site 1149 (Izu-Bonin Arc) and Deep Sea Drilling 
Project Site 52 (Mariana Arc), and have quantified that multiple dispersed ash sources 
collectively comprise ~30-35% of the hemipelagic sediment mass entering the Izu-Bonin-
Mariana subduction system. Multivariate statistical analyses indicate that the bulk 
sediment at Site 1149 is a mixture of Chinese Loess, a second compositionally distinct 
eolian source, a dispersed mafic ash, and a dispersed felsic ash. We interpret the source of 
these ashes as respectively being basalt from the Izu-Bonin Front Arc (IBFA) and 
rhyolite from the Honshu Arc. Sr-, Nd-, and Pb isotopic analyses of the bulk sediment are 
consistent with the chemical/statistical-based interpretations. Comparison of the mass 
accumulation rate of the dispersed ash component to discrete ash layer parameters 
(thickness, sedimentation rate, and number of layers) suggests that eruption frequency, 
rather than eruption size, drives the dispersed ash record. At Site 52, the geochemistry 
and statistical modeling indicates that Chinese Loess, IBFA, dispersed BNN (boninite 
from Izu-Bonin), and a dispersed felsic ash of unknown origin are the sources. At Site 
1149 the ash layers and the dispersed ash are compositionally coupled, whereas at Site 52 
they are decoupled in that there are no boninite layers, yet boninite is dispersed within the 
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sediment. Changes in the volcanic and eolian inputs through time indicate strong arc-
related and climate-related controls. 
1. Introduction 
In regions such as the northwest Pacific Ocean, marine sediment includes 
abundant volcanic ash and thus information about eruption history, subduction budgets, 
and regional tectonics. While much work in unraveling volcanic history has focused on 
discrete ash layers [e.g., Kennett et al., 1977; Carey and Sigurdsson, 1980; Cambray et 
al., 1995; Kutterolf et al., 2008], a significant component of ash, that which has been 
mixed into the sediment as “dispersed ash,” has not received as much attention. This 
dispersed ash is the result of the bioturbation of pre-existing discrete ash layers, the 
settling of airborne ash through the water, distribution from subaqueous eruptions, and 
other mechanisms. Unlike ash layers, the dispersed ash component is difficult to 
differentiate visually from detrital terrigenous clay. Studies based on smear slides and 
other methods commonly show that it can comprise as much as 30-40 weight percent 
(wt.%) of the sediment, and such approaches have been enhanced by geochemical and 
statistical techniques that yield more precise and compositional data [e.g., Straub and 
Schmincke, 1998; Peters et al., 2000; Scudder et al., 2009]. This dispersed ash is a critical 
component of the volcanic record and also potentially impacts subduction cycling in 
terms of the potential for the ash-rich sediment to be returned to the subduction zone 
itself, along with deeper crustal input [e.g., Plank and Langmuir, 1998; Hauff et al., 
2003]. Additionally, the fluid budget and physical properties of subducting sediment will 
be affected by alteration of the ash material [e.g., Underwood and Pickering, 1996]. 
	  	  
19 
Quantifying the amount of dispersed ash will thus assist physical property determinations 
and subduction zone modeling. 
Dispersed ash has been recognized in a number of geologic settings. In the 
western Caribbean, where the sediment comprises a relatively simple three-component 
system (CaCO3, terrigenous material, and ash), Peters et al. [2000] observed that the 
timing of dispersed ash accumulation paralleled that of discrete layers, although the 
maxima in dispersed ash preceded the Miocene and Eocene maxima in discrete layers by 
~2–4 Ma. They hypothesized that the dispersed ash was generated by smaller volcanoes, 
characteristic of the more juvenile arc, and the larger discrete layers were produced by a 
mature arc, characterized by larger stratovolcanoes. Carey and Sigurdsson [2000] and 
Sigurdsson et al. [2000] suggested that these large volcanoes are capable of injecting 
large plumes of Central American ash into the upper reaches of the stratosphere, that is, 
high enough to become entrained in the west-to-east blowing stratospheric wind field 
(e.g., rather than the familiar east-to-west trade winds of the lower troposphere). 
In the northwest Pacific Ocean, Scudder et al. [2009] focused on Ocean Drilling 
Program (ODP) Site 1149 (see Fig. 2.1, Fig. 2.S1 for location) in order to test in principle 
whether a small dataset could be used to identify the differences in source compositions 
to the bulk sediment even if the bulk sediment was entirely composed of aluminosilicates 
(in contrast to the more simple Caribbean system). They demonstrated that the 
accumulation of dispersed ash appears decoupled from the discrete ash layers to a certain 
extent. Scudder et al. [2009] also documented good correlations between the sources of 
ash material and the eruptive history of the region, with increases in dispersed ash 
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accumulation corresponding to independently documented increases in volcanism. Those 
early results from Site 1149 stimulated our current more detailed study of Sites 1149 and 
52, to further improve our overall technique (more samples, an enhanced statistical 
protocol) and to investigate other locations for regional applicability. 
Here we present two dispersed ash records from the Izu-Bonin (Site 1149) and 
Mariana (Site 52) arc system (Fig. 1, Fig. S1). We move beyond the scope of Scudder et 
al. [2009] by greatly expanding the element menu and sample set, which allows for 
testing of statistical consistency and also for a more resolved understanding of the 
geochemical sources. Specifically, the increased sampling resolution in this current study 
allows us to expand deeper (older) and to increase the number of elements in our 
analytical suite, which allows for a combination of major and trace elements into a 
common analytical suite, thus providing more robust conclusions. We also compare and 
contrast Site 1149 to a new location, DSDP Site 52 east of the northern Mariana Trench, 
which to our knowledge contains one of the highest amounts of volcanic ash (non-
ignimbrite) in the region. We do not assess the mode of transport of the dispersed ash, 
rather, our goals are to (a) illustrate the quantitative importance of dispersed ash to the 
total volcanic record, (b) document our enhanced analytical and statistical approach to the 
study of dispersed ash, and (c) provide a roadmap to the study of dispersed ash in the 
marine record of other ocean basins. 
We emphasize that studies of dispersed ash will yield less specific outcomes than 
do those of ash layers, as its extremely fine grain size precludes the type of assessment 
that can, for example, often relate specific volcanoes to a given ash layer [e.g., Lee et al., 
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1995; Kutterolf et al., 2008]. For example, most dispersed ash material is very fine silt to 
clay sized (0-100 µm with significant quantities ~20-30 µm or less) [Huang, 1980; Rose 
et al 2003]. The major challenge of resolving dispersed ash (from a variety of sources) 
from eolian inputs (also fine grained, and also perhaps from a variety of sources) in 
sediment that is entirely composed of aluminosilicate material, is exacerbated by the fact 
that these collected sources are all from a narrow continuum of compositions. Indeed, 
historically the composition of upper continental crust has been approximated at various 
times as ‘granodiorite’, ‘dacite’, or other intermediate composition igneous/volcanic 
rocks [e.g., Taylor and McLennan, 1985]. While these limitations may be disconcerting 
when compared to the subtleties that can be resolved by studies of the ash layers, we 
argue here that our studies of the dispersed ash component in the bulk sediment represents 
a significant step forward in understanding the complete record of volcanism that is 
recorded in pelagic sediment.  
2. Dispersed Volcanic Ash in Sediment 
2.1 General Chemical Characterization 
For samples from ODP Site 1149 seaward of the Izu-Bonin Trench, we have 
expanded the original relatively small dataset of Scudder et al. [2009] with newly 
acquired data (see Supporting Information for methods). The upper 180 meters below 
seafloor (mbsf) at Site 1149 is clay-rich (illite to smectite with decreasing kaolinite 
downcore [Kawamura and Ogawa, 2002]) with varying amounts of siliceous microfossils 
and volcanic glass. Volcanic material decreases from Unit I to Unit IIA, and there are no 
ash layers in Unit IIB where volcanic glass is rare. Ages for Unit I are interpolated based 
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on an age-depth relationship from 40Ar/39Ar dating of discrete ash layers [Escutia et al., 
2006]. Below Unit I the ages were calculated assuming a linear sedimentation rate of 1.4 
m/my based on the age-depth relationship from the bottom of Unit I to the top of Unit IV 
[Plank et al., 2000].  
Downcore concentration profiles and other graphs (Figs. 2.2, 2.3; Fig. 2.S2) do 
not provide clear distinction of the potential sources to the bulk sediment. For example, 
changes in the concentration of SiO2 downhole alone appear to indicate that simply 
mixing between a MORB-like component and Chinese Loess (CL) controls the 
composition of the sediment. Considering that CL has been extensively documented to be 
a source to the broad North Pacific region [e.g. Hovan et al., 1989; Nakai et al., 1993; 
Pettke et al., 2000], and that MORB is at least one approximation of a putative mafic end-
member, such a first-order interpretation is reasonable. Further inspection, however, of 
other elements and elemental ratios, such as Ti/Al, indicate that the sediment could be 
alternatively described as being a mix of CL and an additional, at this point unknown, 
source with the same chemical composition(s) as that of the discrete ash layers. Indeed, 
based on Ti/Al alone, there need not be any mafic contribution. Elements such as Nb, 
however, indicate a more complex mixing history. While other graphical techniques (e.g., 
ternary diagrams) provide additional information (Fig. 2.3), a unique solution to the 
mixing problem is difficult to generate.  
Samples from Site 52 (Mariana Arc) contain extremely high abundances of non-
pyroclastic volcanic ash (upwards of 50% volcanic glass in the brown clay). Rotary 
drilling at Site 52 left only a few ash layers intact (all in the upper 20 mbsf) with no 
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useable age data appropriate for our study [Fischer et al., 1971]. As with Site 1149, 
elemental abundances and ratios are not sufficient to describe mixing. For example, 
looking at SiO2 alone would suggest that the sediment could be explained by mixing of 
CL and MORB, without any contribution from the volcanic ash. The Ti/Al ratio, 
however, shows that not to be the case, and suggests that perhaps CL and the ash layers 
can be mixed to result in the bulk sediment composition. The abundance of Th shows yet 
a third pattern (Fig. 2.4).  
2.2 Identification of Sources (End-Members) to Bulk Sediment 
Multivariate statistical techniques can resolve ambiguities observed in downcore 
geochemical trends and traditional mixing diagrams [e.g., Pisias et al., 2013]. Q-mode 
Factor Analysis (QFA) determines the number and broad compositional nature of 
potential end-member contributions. However, while providing important constraints on 
the potential end-members, QFA commonly does not yield specifically accurate 
compositions [Pisias et al., 2013]. To best assess the source compositions we therefore 
apply Total Inversion (TI), which is a multiple linear regression technique that allows for 
compositional variation of the end-members.  
For both Site 1149 and Site 52, we applied the QFA and Total Inversion (TI) 
approaches based on the MATLAB scripts from Pisias et al., [2013]. We used a 
refractory suite of elements predominantly associated with aluminosilicate components 
(Al, Ti, Sc, Cr, Ni, Nb, La, Th). We emphasize that here we are focused on identifying 
only the aluminosilicate end-members as these components make up the bulk of the 
sedimentary material at these sites and are key to understanding tectonic and climate 
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changes through time. Therefore, the element menu that was selected for these 
multivariate statistical treatments only targets such aluminosilicate end-members. 
In TI the end-member compositions are specified as inputs, allowed to vary 
slightly to account for compositional variations, and linearly mixed to approximate best 
the data array. The end-members, being aluminosilicates, fall in the compositional 
spectrum between, and including, upper crustal (e.g., loess, continental crust, felsic-
dacitic ashes, etc.) and more primordial sources (basalts, etc.). As mentioned previously, 
resolving sources from within this first group is particularly challenging. Using TI, we 
mixed various combinations of eolian materials (e.g., Chinese Loess [CL], and/or other 
continental crustal-type compositions) and known compositions of volcanic ash and other 
sources. Identifying the current composition of likely eolian and continental crustal-type 
sources is relatively straightforward from the literature, but identification of potential 
volcanic sources and the composition of older material is more challenging due to the 
number of potential sources and their potential geochemical evolution through time.  
Indeed, a key question in the study of dispersed ash remains “Is the dispersed ash 
merely discrete layers that have been mixed into the sediment, or does it document an 
entirely new source(s) of volcanic material?”. Previous workers have largely remained 
silent on this issue. We here make some first order observations based on the chemistry 
of the discrete ash layers from the respective sites and whether we can successfully 
statistically model the bulk sediment composition of each site using its discrete layers as 
(either all or some) of the volcanic end-members. If an acceptable model can be 
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generated using (all or some of) the ash layer compositions as end-members, then that is 
most likely the most appropriate explanation. 
Therefore, to determine the composition of potential ash inputs to Sites 52 and 
1149 individually, we use compositions from the literature for local/regional arcs (e.g., 
Izu-Bonin, Honshu, Ryukyu, Kyushu), as well as newly acquired data from the discrete 
ash layers themselves (Fig. 2.S3). We emphasize that these compositional differences are 
subtle (e.g., rhyolites from each of these arcs are relatively similar in composition), and 
because we are dealing with the bulk sedimentary component we cannot exclusively 
claim a unique solution from the mixing models. Nonetheless, even considering that this 
work is susceptible to the common limitation facing all provenance studies, namely, that 
of the assumption that sources themselves are not changing significantly in composition 
through time, this approach can provide heretofore unrealized constraints on the nature of 
the volcanic and (terrigenous) eolian contributions to these sediments. 
2.2.1 Site 1149, Izu-Bonin 
For Site 1149, we performed QFA on the data from Units I and II (n = 89, Table 
2.S1). The QFA results indicate that a robust four factors explain 97% of the variability 
of the bulk sediment (Fig. 2.S4). Using the same refractory element suite as for QFA, the 
TI independently confirms that four sources yield the smallest statistical residuals, 
explain more than 99% of the dataset’s variability, and on an element-by-element basis 
have the strongest r-values throughout the model (Table 2.S5). In particular, there is no 
combination of three sources that yield better statistical results than those based on four 
end-members, which reinforces the importance of working with a large sample set. The 
	  	  
26 
four sources that best explain the bulk sediment are CL, rhyolitic ash from the Honshu 
arc, mafic ash from the Izu-Bonin Front Arc (IBFA), and a second eolian dust (termed 
“Eolian 2”). We arrived at this specific group of sources by mixing many possible 
combinations of likely inputs (Table 2.S2), and by making reasonable assumptions based 
on geological constraints as to where the sources could potentially have originated. While 
these compositions are based on the current composition of the source, that TI allows for 
variability of the sources should account for small changes in the compositional evolution 
of the source material that may have occurred over time.  
The radiogenic isotopes of Sr, Nd, and Pb at Site 1149 provide another 
mechanism by which the aluminosilicate contributions to the bulk sediment can be 
evaluated. We tested our TI mixing results for Site 1149 by mixing the amount of each 
end-member along with its inferred (for sources such as CL, from the literature) or 
measured (for mafic and felsic ash layers from Site 1149) isotopic composition to 
generate a predicted bulk sediment isotopic ratio (Fig. 2.S5). For each isotope system we 
then compared this synthetically generated mixed isotope ratio to the measured bulk 
sediment isotopic ratio. While limited by a small sample size, the nature of bulk 
sedimentary isotopic analysis, and diagenesis, the Sr-, Nd-, and Pb isotopic results are 
consistent with the bulk sediment resulting from mixing of these sources.  
Considering these four end-members for Site 1149, we found that including in the 
TI model the average composition of IBFA ash, instead of that of the mafic ash layers, 
consistently explained a higher percent of the variability and resulted in lower (better) 
residuals. Elemental r-values for the two models show that the model with the mafic 
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layers has higher r-values for Ni and La, while exchanging IBFA for the mafic layers 
yields slightly higher r-values for Ti, Sc, Cr, and Th. Because these modeled results are 
close in quality, and cognizant of the challenges with working in fine-grained bulk 
sediment, we interpret that the mafic ash layers at Site 1149 are from IBFA. Similarly, if 
we include rhyolitic ash from the Honshu Arc (hereafter, Honshu Rhyolite, “HR”) instead 
of the felsic ash layers, the residuals are consistently lower (a better fit). Other rhyolites 
from other arcs do not model as well as does HR. The r-values for Sc are lower (worse) 
when including HR, although the r-values for the other seven elements in the menu are 
the same or higher. Collectively, these differences are slight. Thus, we suggest that HR is 
the most likely source of the felsic ash layers. 
The interpretation of a distal end-member of dispersed ash is consistent with 
previous studies that have found Ryukyu and/or Honshu volcanic material in Izu-Bonin 
sediments. Egeberg et al. [1992] interpreted trace element, Sr-, and Nd isotopic signatures 
in certain ash layers at ODP Site 792 (located on the eastern margin of the Izu-Bonin 
forearc basin between the active volcanic arc and the Izu-Bonin Trench, Fig. 2.1) as 
variously deriving from the Ryukyu and Honshu arcs. Scudder et al. [2009] interpreted 
one of the dispersed ash components at Site 1149 as being broadly consistent with 
Ryukyu dacite. For the purposes of our current study and given the tolerances of working 
with dispersed ash, however, there is no substantive difference as to whether this 
dispersed felsic component derives from the Honshu or the Ryukyu arc or if it is dacitic 
or rhyolitic. Our key finding is that it is a broadly felsic distal component that does not 
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come from the proximal Izu-Bonin region. After considering the expanded element menu 
and larger sample set, we suggest that Honshu Arc is the most likely source. 
The fourth end-member, named “Eolian 2,” results from including “Upper 
Continental Crust” (UCC); [Taylor and McLennan, 1985] in the models. This UCC 
generally results in better statistical fitting through a variety of scenarios, despite its low 
abundance. For example, using a dacitic composition (either a generic “dacite” or specific 
dacites from Ryukyu, Honshu, and/or Izu-Bonin) for this fourth end-member yielded 
poorer results. We further tried many different combinations of rhyolitic and dacitic end-
members along with CL and IBFA, and the best statistical result includes HR (as above) 
and UCC. This is a consistent result through many sensitivity tests, even given that UCC 
is not that compositionally distinct from “dacite.” Because this upper continental crustal 
material can only reach Site 1149 by eolian transport, we interpretatively name it “Eolian 
2,” and its importance will be explored more fully elsewhere. 
2.2.2 Site 52, Northern Mariana Arc 
Applying the same principles and chemical suite to the sediment record at Site 52 
(Fig. 2.S6) indicates that four sources explain 99% of the data variability. However, two 
of the factors at Site 52 closely resemble two found at Site 1149, while the other two do 
not (Figs. 2.S4, 2.S6). This is expected given the separation of these two sites by ~500 
km and ~5° of latitude. Despite the mixing imposed by rotary drilling and other factors 
that may have destroyed individual ash layers, the dispersed ash record from Site 52 
preserves important geological information and reinforces the importance of the 
statistical methods. Indeed, Jutzeler et al. [2014] note that drilling related core 
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disturbance can create “substantial artificial stratigraphic gaps” which can be overcome 
through the use of these methods. 
Additionally, at Site 52 we observe that, in contrast to Site 1149 where the ash 
layer compositions can be mixed to explain the dispersed ash component, the chemical 
composition of the layers alone when mixed with CL and other potential eolian “crustal” 
sources does not explain the aluminosilicate chemistry of the bulk sediment. Rather, Site 
52’s mafic ash (termed “Mafic52”), Site 52’s felsic ash (“Felsic52”), and an additional 
component, average Izu-Bonin boninite (BNN), are required. Including BNN is required 
by both the bulk sediment composition as well as the statistical models (Fig. 2.S7). 
Exchanging IBFA for the mafic ash (Mafic52) yields similar results, and we thus 
interpret the mafic layers as being IBFA. Notably, mixing any of the dacitic or rhyolitic 
ashes from nearby arcs does not adequately explain the data. Therefore, the best 
component mix to model sediment composition at Site 52 is CL, Mafic52, Felsic52, and 
BNN.  
We acknowledge that calling for a boninite to be contributing material to Site 52, 
back particularly when it was located to the east distal from the current arc (Fig. 2.S1), is 
unusual. However, the high bulk concentrations of Ni and Cr and low concentrations of 
Al, as well as the modeling results, requires such a source. To our knowledge, there is no 
other composition of an aluminosilicate component that can fulfill these constraints. In 
parallel to some of the points made previously, we are not necessarily saying that the 
boninite material now found in Site 52 sediment originated specifically from Izu-Bonin, 
but instead that a boninite from some source is included. We use boninite from Izu-Bonin 
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as the end-member composition because it as good a boninite as any, compositionally-
speaking, to use in our models of the fine-grained bulk sediment. This is explored further 
below. 
3. Dispersed Ash, Discrete Ash Layers, Loess, and Other Eolian Inputs  
Successfully constraining the CL, HR, IBFA, and Eolian 2 inputs to Site 1149 
allows us to assess volcanic-related and climate-related processes. The dispersed ash 
mass accumulation rate (MAR) most closely tracks the simple number of discrete ash 
layers per 1 my, and also follows the ash layer sedimentation rate (Fig. 2.5). Both of 
those discrete ash parameters are likely controlled by the frequency of explosive 
eruptions. The dispersed MAR does not follow the thickness of the ash layers, and 
therefore we interpret that the dispersed ash record is not related to eruption size. 
Although a thick ash layer may result from either a large eruption or a nearby eruption (or 
both), because Site 1149 is tectonically approaching the Izu-Bonin Arc through time (Fig. 
2.S1) we would predict that thicker ash layers would be more prevalent in the younger 
(shallower) sections of the stratigraphy deposited when the site was progressively nearer 
the arc. However, this is not strongly observed in the younger discrete layer record, 
which is where the dispersed MAR shows its largest increase. Therefore, we conclude the 
dispersed ash is indeed responding to overall volcanic activity, which will be recorded by 
the combined records of dispersed ash and the ash layers, and not just eruption size, 
which would have been recorded by ash layer thickness.  
Additionally, if the dispersed ash record was dominantly caused by bioturbation 
of now destroyed ash layers, we would expect that where the number of ash layers is low 
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there would be more abundant dispersed ash. This is not observed. We therefore interpret 
that the dispersed record reflects periods of enhanced regional/global volcanism, 
subaqueous volcanism, and/or other mixing of subaerial volcanic material (e.g., eroded 
from the arc). 
We now consider the tectonic- and arc evolution of the region. At Site 1149, there 
is no dispersed ash accumulation from ~55-50 Ma (Figs. 2.5 and 2.6). This is followed by 
a 10 My interval centered on ~45 Ma through which dispersed ash increased from ~50-45 
Ma, and then decreased from 45 Ma to nearly zero at ~40 Ma. This period broadly 
corresponds to IBM arc initiation at ~52-50 Ma [e.g., Reagan et al., 2013] and the ~50-47 
Ma bend in the Hawaiian-Emperor chain [O’Connor et al., 2013, and references therein] 
that may reflect large scale tectonic reorganizations caused by India-Asia collision (53-51 
Ma) [Najman et al., 2010]. From this time to ~6 Ma, dispersed ash showed a gradual yet 
consistent increase. From ~6 Ma and younger, and along with the most rapid increase at 
~3 Ma, dispersed accumulation increased by essentially an order of magnitude.  
If we separate the two types of dispersed ash we can interpret these changes in 
accumulation rate in terms of arc history. Within the tolerances of the age model and 
scaled to the questions that we are asking, we observe that HR is the dominant dispersed 
ash. This indicates that, despite it being relatively far away, the Honshu Arc still 
contributed significant ash to locations east of Izu-Bonin. Such putative eruptions could 
have been large, yet Site 1149’s distal location at the time resulted in only thin layers that 
were subsequently mixed into the bulk sediment. Alternatively, the dispersed ash could 
merely represent an increase in general deposition of ash from the atmosphere. 
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Regardless, the 10 Myr increase in total dispersed ash accumulation in the interval 
centered on ~45 Ma appears to be driven by this HR source. Although the timing and 
history of this arc system is complex, the MAR of HR through the younger portions of 
the record is consistent with the tectonic history of the Honshu Arc. As a result of 
spreading of the Japan Sea, in the north, southwestern Japan began to rotate at ~15 Ma as 
the Izu-Bonin Arc moved offshore to the Kii Peninsula. Simultaneously, the Shikoku 
Basin spreading ridge activated. From ~12-8 Ma, the Izu Arc ceased motion as it entered 
its current position and from ~11-6 Ma volcanic activity in southwestern Japan ceased 
almost entirely. Following this period of decreased activity, volcanism increased again at 
~6 Ma [Kimura et al., 2014]. 
The model further documents a gradual increase in IBFA volcanism from ~18-10 
Ma, and a burst of activity from ~4.5-3 Ma followed by a steady increase beginning at ~2 
Ma (Fig. 2.6). These temporal changes are well documented in the tectonic record of Izu-
Bonin [e.g., Cambray et al., 1995]. That the dispersed record faithfully records this 
volcanic history highlights the necessity of considering dispersed ash in any complete 
assessment of volcanic activity. 
Chinese Loess drives the dust record in the sediment, consistent with long-
standing understandings of this important source to the region [e.g., Rea, 1994]. 
Differentiating this material from volcanic ash using our technique speaks to the 
robustness of the overall strategy and its applicability to a variety of locations. Moreover, 
the presence of an important second non-ash, terrigenous source (“Eolian 2”) is 
intriguing. The long-term decrease in Eolian 2 from ~55 Ma to ~20 Ma may have 
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important implications for the climatic evolution of the Asian interior, although it does 
not appear to be responding to any one specific event. The observed change at ~25-20 
Ma, a tectonically and climactically active time in Earth’s past, indicates that the two dust 
sources are best interpreted in the context of their dual occurrence. These results will be 
presented in greater detail elsewhere. 
The lack of age control at Site 52 precludes calculating accumulation rates, 
therefore, we are unable to address definitively questions such as whether the changes in 
sources are related to plate tectonic reorganization. Similarly, we cannot address whether 
the increase in BNN abundance would parallel in increase in BNN accumulation from 30 
mbsf and younger as Site 52 approached the Mariana fore-arc.  
Site 52 nonetheless presents some key similarities and differences from Site 1149. 
First, the total amount of dispersed ash (regardless of composition) at both sites is very 
high, averaging 30 +/- 17 wt. % at Site 1149 and 36 +/- 18 wt. % at Site 52. Second, 
whereas at Site 1149 there are two ashes (HR, IBFA) found both as layers and as 
dispersed, at Site 52 there are at least three ashes since the layers appear to be IBFA and 
Felsic52, and the dispersed ash is IBFA, Felsic52, and BNN. Thus, at Site 52, the ash 
layers and the dispersed ash are partially decoupled. Given that boninite has commonly 
been recognized in fore-arc settings this may explain the very low abundance observed at 
Site 52 (Fig. 2.7). We also note that dispersed ash can be generated by subaqueous 
eruptions [Fiske et al 2001; Fujibayashi and Sakai, 2003]. The source of Felsic52 remains 
unclear, although given that the compositions of end-members must be known for TI 
analysis it seems reasonable to interpret that Felsic52 is from a volcanic source with an 
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intermediate composition that has yet to be presented in the literature. Third, at Site 52 
the Eolian 2 source found at Site 1149 is not required by the data or models, which may 
reflect the differences in latitude between the two sites and associated subtle differences 
in eolian sources from mainland Asia. 
 
4. Summary 
 Dispersed volcanic ash is a significant component of the IBM sediment system, 
accounting for ~30-35 wt.% of the bulk sediment input to the trench. There are two 
distinct compositions of eolian sources to Site 1149 (Chinese Loess, Eolian 2). This 
second input most likely represents eolian sources in Asia, and our approach provides 
compelling evidence that it is distinct from “classic” Chinese Loess.  
 Multivariate statistical treatments at Site 1149 identifies that the current 
compositions of CL, Eolian 2, IBFA mafic ash, and Honshu Rhyolite best explain the 
bulk sedimentary composition. Sr-, Nd-, and Pb isotopic analyses are consistent with this 
interpretation. At Site 52, four end-members also comprise the bulk sediment, and are 
Chinese Loess, IBFA, Felsic52, and a boninite (BNN). Notably, boninite ash layers were 
not recovered by rotary drilling at Site 52, yet the bulk composition requires boninite to 
be present in the mix. Therefore, at Site 52 the ash layers and the dispersed ash 
components appear partly decoupled. Also, at Site 52 there appears to be no second 
eolian source. 
At Site 1149 (and drilling recovery at Site 52 was too poor to allow this analysis), 
comparison of the dispersed MAR to a series of ash layer parameters indicates that the 
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number of ash layers closely tracks the dispersed ash MAR, and thus the frequency, 
rather than the size, of eruptions is driving the dispersed ash record. The MAR patterns 
are consistent with published eruption records of both the Izu-Bonin and Honshu arcs, 
and they correlate reasonably well with the known tectonic evolution of both arc systems. 
Finally, this geochemical and statistical approach allows us to discriminate between 
individual sources within an array of aluminosilicate contributions (multiple ash types, 
and several different eolian inputs) at these two sites, suggesting that this approach is 
promising for other oceanic regions. 
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Fig. 2.1. Locations and lithologies of ODP Site 1149 and DSDP Site 52. Arrow 
represents generalized path of source materials (eolian and ash). Backtrack paths and 
location information are in Fig. 2.S1. ODP Site 792 also shown (see text). 
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Fig. 2.2. Site 1149, representative compositions (Table 2.S1) and elemental ratios plotted 
with depth. Sources for end-member data can be found in Table 2.2.S Different elemental 
abundances and ratios suggest contrasting mixtures of representative potential end-
member compositions, indicating need for multivariate treatment of large element menu.  
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Fig. 2.3. Ternary diagrams showing potential end-members and bulk sediment chemistry 
at Site 1149. Contrasting patterns indicate a variety of mixing relationships could yield 
the bulk chemistry. Left. Some of the samples in Unit IIB fall outside the bounds of end-
members, particularly towards the Th apex. Right. All samples fall in field circumscribed 
by all potential end-members. 
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Fig. 2.4. Downcore profiles from Site 52 (data in Table 2.S1). 
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Fig 2.5. Site 1149. The accumulation rate of total dispersed ash (that is, the accumulation 
sum of IBFA and HR, gray shaded with filled circles in g/cm2/kyr, and is the same in 
each panel) plotted against parameters associated with the sedimentation of discrete ash 
layers per 1 Ma (open circles, and are different in each panel as shown in the bottom x-
axis labels). Lithologic units plotted on the right in each panel. A moving 1 Ma window 
was chosen to bin each discrete ash layer parameter to approximate the resolution of the 
modeled dispersed ash record.  
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Fig. 2.6. Site 1149. Individual data and three-point averages of MARs of each end-
member. Eolian sources on left, dispersed ash on right. Insets focus on the younger 
portion of each record. Note color-coded different x-axis scales and labels. A few dots are 
covered in left panel by the inset. Data in Table 2.S7. 
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Fig. 2.7. Modeled abundances (wt. %) of end-members contributing to the bulk sediment, 
Site 52 (Table 2.S7). Note similarity of the modeled BNN boninite here (expanded view 
on right) with the Ni/Al ratio of Fig. 2.S7.  
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Supporting Information for 
Regional-scale input of dispersed and discrete volcanic ash to the Izu-Bonin and 
Mariana subduction zones 
Analytical Methods 
ICP-Emission Spectrometry and -Mass Spectrometry (ICP-ES, ICP-MS) 
ICP-ES and ICP-MS sample preparation and analyses were performed in the 
Analytical Geochemistry Facilities in the Department of Earth and Environment at 
Boston University. Samples were frozen, freeze-dried, and hand powdered in an agate 
mortar and pestle. All masses described here are nominal, the exact mass used for each 
sample was recorded and appropriate mass corrections were performed. All waters used 
were 18 MΩ, and acid reagents were double distilled in Teflon and made in our 
laboratory. 
For analysis of major and trace elements by ICP-ES, 400 ± 0.5 mg (0.3995-
0.4005 g) of Alfa Aesar® Puratonic® 99.997% lithium metaborate, LiBO2, (i.e. “flux”) 
was weighed (with this and all subsequent weights recorded) and added to a clean, ultra 
pure graphite crucible (SPEX, New Jersey, USA). A small depression was made in the 
middle of the flux powder pile using a clean plastic toothpick and 100 ± 0.5 mg (0.0995-
0.1005 g) of sample powder was weighed and added to the depression. The flux and 
sample powder were mixed well using a clean plastic toothpick. The crucible and 
flux/sample mixture was placed in a muffle furnace at 1050˚C for 10 minutes.  
The crucible was removed from the furnace, swirled to collect any material on the 
crucible walls, and the molten sample was then poured into a 60 mL wide-mouth acid-
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cleaned Nalgene bottle that had been pre-filled with 50 mL of triple-distilled HNO3 
diluted to 5% (vol./vol.). To enhance reproducibility, each bottle was prepared with a re-
pipetter and weighed with its cap on. The bottle was shaken by hand for ~5 minutes, 
weighed, and sonicated for ~20 minutes. Once it was dissolved, 5 mL of the solution was 
transferred using a Luer-Lock 10 mL plastic syringe, and filtered through a non-sterile 13 
mm, 0.45 µm Millex® Syringe Filter Unit into a separate 60 mL square Nalgene bottle 
that had been weighed empty. This solution was then weighed with the cap on.  
The weight of the solution that was added was determined by subtracting the 
empty dilution bottle weight from the weight of the bottle with the sample in it. This 
amount was multiplied by eight and the weight of the empty dilution bottle was added 
back to that figure to determine the “target weight” for an exact 8-fold dilution. 
Approximately 35 mL of triple-distilled HNO3 diluted to 5% was re-pipetted into the 
dilution bottle and additional acid was added with a clean, plastic eye dropper until the 
weight matched the calculated target weight. The weight of the final solution was 
recorded. 
Additional major (Ti) and trace element analysis was performed by ICP-MS. An 
acid-cleaned Teflon vessel (Savillex, Minnesota, USA) was filled with 1 mL of 
concentrated HNO3 followed by 0.0198-0.0202 g of sample (exact weights were 
recorded). Two additional mL of HNO3 and 1 mL of concentrated HCl were then added 
and the sample was left to sit for ~1 hr after which 1 mL of concentrated HF was added. 
The sample was left to sit tightly sealed on a hot plate at sub-boiling temperatures 
for ~24 hr and then sonicated for ~1 hr. One mL of ultra-clean H2O2 was added drop by 
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drop and the sample was left to sit until the solution stopped reacting before it was 
returned to the hot plate for ~4-6 hr. At this time, the vessel’s cap was removed and 
rinsed, with rinse water being returned to the vessel. The sample was then placed on the 
hot plate uncapped and left for ~8 hr. Once the sample was completely dried, it was 
removed from the hot plate and 1 mL of HNO3 was added to redissolve. The sample was 
then left to sit for ~5 hr and sonicated for ~30 min. An additional 0.5 mL of H2O2 was 
added to ensure that the sample was completely dissolved before it was diluted to 60 g 
(3000x dilution).  
Drift-corrected calibrations were generated using the international Standard 
Reference Materials (SRMs) AGV-1, BCR-2, BIR-1, DNC-1, MAG-1, PACS, and W-2. 
Precision was quantified by repeated preparations and analyses of the international SRM 
BHVO-2, and is better than 2% of the measured values for all the major elements (except 
for P), Sc, V, Cr, Co, Cu, Zn, Sr, Y, Pr, Sm, Y, Tb, Gd, Dy, Er, Yb, Lu, Hf, Ta, and U; 
between 2-5% for P, Li, Ni, Zr, Nb, Sn, Cs, Ba, Ce, Nd, Ho, and Th; and between 5-10% 
for Rb, La, and Pb. Accuracy was compared to separate analyses of BHVO-2 that were 
included in each batch as unknowns, and accuracy was within the precision of the 
analyses. 
Analyses of Discrete Ash Layers 
The chemical composition of the discrete ash layers was quantified in two ways. 
First, microprobe analyses of glass shards picked from representative layers were 
performed following the methods of Schindlbeck et al. (2013) at GEOMAR Helmholtz 
Centre for Ocean Research in Kiel, Germany. Analyses were conducted using a JEOL 
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JXA 8200 wavelength dispersal electron microprobe (EMP) with a beam current of 6 nA 
for felsic glasses and a 10 nA for mafic glasses. The accelerating voltage of the probe 
was 15 kV, and the beam size was defocused to 5 µm to avoid loss in sodium. Signal 
counting time was 20 and 30 seconds and background counting time was 10 or 15 
seconds. For major elements analytical error was <5%. Calibration with international, 
natural, and synthetic standards generally followed the procedures of Kutterolf et al. 
(2011).  
We also sampled discrete layers in “bulk” and analyzed them by ICP-ES and ICP-
MS using the techniques described above. This generated major, trace, and rare earth 
element (REE) data. The nature of the bulk sampling includes glass shards and smaller 
ash particles, as well as small amounts of terrigenous clay and other phases in the layers. 
We compared the major element chemical composition of the shards measured by 
microprobe to the bulk chemistry by ICP-ES to identify which bulk samples were 
composed of the most pure ash material, and used those layers for our ash compositional 
end members for the trace elements. 
Radiogenic Isotope Analysis 
Sr-, Nd-, and Pb isotope chemistry was performed on ~50 mg unleached bulk 
sample material following the methods described in Hoernle et al. (2008, 2011) and 
Jacques et al. (2013). Isotope ratios were determined by thermal ionization mass 
spectrometry (TIMS) on a TRITON (Sr-Nd) and MAT262 RPQ2+ TIMS at GEOMAR 
Helmholtz Centre for Ocean Research Kiel, Germany. Both instruments were operated in 
static multi-collection mode and Sr and Nd ratios were normalized to 86Sr/88Sr = 0.1194 
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and 146Nd/144Nd = 0.7219 for each integration. Sr and Nd isotope ratios of the samples are 
reported relative to 87Sr/86Sr = 0.710250 ± 0.000007 (n = 18; 2σ external reproducibility) 
for NBS987 and 143Nd/144Nd = 0.511850 ± 0.000006 (n = 14; 2σ external reproducibility) 
for La Jolla. Pb isotope ratios were mass bias corrected using the double-spike (DS) 
technique after Hoernle et al. (2011). DS corrected NBS981 ratios obtained during the 
period of sample analysis (2012-2013) are: 206Pb/204Pb = 16.9413 ± 0.0027, 207Pb/204Pb = 
15.4987 ± 0.0026, 208Pb/204Pb = 36.7238 ± 0.0065, 208Pb/206Pb = 2.16770 ± 0.00010, 
207Pb/206Pb = 0.91484 ± 0.00003 (n = 34; 2σ external reproducibility). The Pb chemistry 
blanks were below 50 pg and thus insignificant. Replicate analyses by means of a second 
sample digest were carried out on samples DSDP 52-3R-1W 79-81cm (ash) and DSDP 
52-5R-5W 39-41cm (sediment). While Nd and Pb isotopes are reproduced within 
analytical errors, Sr isotopes reproduce slightly outside the reproducibility of NBS987, 
which we ascribe to small-scale sample heterogeneities. 
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Figure 2.S1. Backtrack paths for ODP Site 1149 (31.3349°N, 143.3634°E; 5830 mbsl) 
and DSDP Site 52 (27.7717°N, 147.13°E; 5744 mbsl). Tick marks represent 5 Ma 
increments. For Site 1149, backtrack is only shown for the time periods covered in this 
paper as recorded by deposition in Units I and II. For Site 52, representative ages (only) 
to 70 Ma are shown due to overall imprecise age control (Fischer et al., 1971), and are 
shown here for illustrative purposes only. Paths generated from GPlates (Gurnis et al., 
2012).  
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Figure 2.2.S Total alkali-silica compositions based on microprobe analyses of glass 
shards picked from discrete ash layers from Sites 1149 and 52 (discrimination diagram 
from Le Bas et al., 1986). These particular elements are not used in statistical modeling 
of the bulk sediment since they have multiple sources not relevant to our study (e.g., Si in 
biogenic opal; K in authigenic clay), but are used to help identify and classify lithologies 
of ash layers that may be present as dispersed ash as well. End-member data can be found 
in Table 2.S2, ash layer chemistry is found in Table 2.S3. 
 
 
0 
2 
4 
6 
8 
10 
12 
14 
16 
40 45 50 55 60 65 70 75 80 
N
a 2
O
 +
 K
2O
 (w
t. 
%
) 
SiO2 (wt. %) 
Site 1149 Ash Layers Site 52 Ash Layers UCC Avg Shale (PAAS) 
Chinese Loess 1149 Mafic Layers 1149 Felsic Layers Mafic52 
Felsic52 MORB I-B Boninite IBFA 
Kyushu Dacite Ryukyu Dacite Honshu Dacite I-B Dacite 
Honshu Rhyolite Ryukyu Rhyolite I-B Rhyolite 
Picro-
basalt 
Basalt 
Basaltic 
andesite 
Andesite 
Dacite 
Rhyolite 
Trachybasalt 
Trachyandesite 
Basaltic 
trachyandesite 
Trachyte if 
Q < 20% in QAPF 
Basanite if 
Ol > 10% 
Tephrite if 
Ol < 10% 
Phonotephrite 
Trachydacite if 
Q > 20% in QAPF 
	  	  
55 
 
Figure 2.S3. Histograms of discrete ash layer composition as determined by electron 
microprobe for Site 1149 (top) and Site 52 (bottom). Mafic, felsic, and “most common” 
potential end members were selected based on these distributions. See Table 2.S3 for ash 
layer compositions. 
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Figure 2.S4. VARIMAX factor loadings from QFA, Site 1149. Red panels and blue 
panels are stacked and arranged to facilitate visual comparison.  
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Above, in red. Results when QFA is artificially forced to only three end members. While 
this result is not the eventual accepted outcome and is not the statistically best result, it is 
illustrative to consider. For example, compared to this current study the relatively small 
dataset of Scudder et al. (2009) had less than half the number of samples, as well as a 
limited element menu in order to satisfy the statistically limiting parameters of Reimann 
et al. (2002), and therefore only was able to resolve three end members.  
Below, in blue. When QFA is allowed to yield 5 or more end members, insignificant 
loadings in the 5th (and higher) end members result. Repeated sensitivity analyses in 
which individual elements were added or removed consistently yield 4 factors, as shown 
here, providing increased confidence in this result (Table 2.S4). Note how the first three 
factors here in blue match well with the three above in red, yet the 4th end member is 
statistically significant, explaining ~12% of the variability of the dataset, and is 
compositionally distinct. Indeed, identification of the 4th factor here can only be 
statistically accomplished with this larger dataset. 
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Figure 2.S5. Isotopic ratios of bulk sediment and potential end-members at Site 1149. 
Colored circles are potential end member sources, including average isotopic values of 
felsic and mafic ash layers (Table 2.S6). Right column in the legend are bulk sediments. 
1) The measured bulk sedimentary isotopic signatures reasonably plot between the ashes, 
CL, and/or crustal material, confirming we have properly selected broadly appropriate 
end-members, even allowing for differing Sr/Nd elemental ratios of mixing end-members 
(that affect slope of potential mixing lines). (2) The modeled isotopic ratios calculated 
from the TI-based also fall within the bounds set by the end-members, indicating that the 
TI-based chemical mixings are internally consistent with the isotopic mixings. (3) In 
order to approximately test the TI models we mixed the modeled abundance of each end-
member along with its inferred isotopic composition from the literature (for sources such 
as CL) or measured (for mafic and felsic ash layers from Site 1149) to generate a 
predicted bulk sediment isotopic ratio. We then compared this predicted isotopic ratio to 
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the measured bulk sediment isotopic ratio. Even though we have only four samples to 
compare, there appears to be an offset between the measured and predicted isotope ratios. 
This could mean that the TI model is underestimating the ash abundances. This 
underestimation would be largest in the sample with the lowest ash (that is, with the most 
crustal component) and smallest in the sample with the greatest ash. This is not 
reasonable, however, because the sample with the largest amount of CL (1149A-17H-7, 
90-92 cm) would need ~55-65% more ash (less CL) to explain the measured bulk 
isotopic ratios. This is strongly inconsistent with the smear-slides and lithostratigraphy, 
and is therefore not acceptable. We instead interpret that the offset reflects that the model 
is based on elements only found in the aluminosilicate component, while the isotopic 
measurements were made on the bulk sediment with multiple phases. Perhaps most 
informatively, the greatest contrast between the predicted and measured isotopic ratios, 
regardless of isotopic system, is in the sample from Unit IIB, which is extremely 
diagenetically altered [Plank et al., 2000] and informally referred to as “chocolate 
mousse”. The samples for which the model and predicted ratios agree within tolerance of 
the model are those from the shallower portion of the sequence, where diagenetic 
resetting is most likely minimal. 
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Figure 2.S6. VARIMAX factor loadings from QFA, Site 52. Note how Factors 2 and 4 
here compare favorably with Factors 3 and 2, respectively, from Site 1149 (Fig. 2.S4). 
The other factors do not compare nearly as well, reflecting important differences between 
the sites (see main text). 
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Figure 2.S7. Ni/Al (g/g) downcore profile at Site 52. Shaded grey area on the left 
represents Ni/Al values for all other end members (e.g., of continental crustal 
composition such as CL, UCC; of various dacites, rhyolites, and other ashes; and of 
basalts) showing the importance of IBB boninite to the bulk sediment. The high 
sedimentary concentrations of Ni (shown here) and Cr (Table 2.S1), in particular, cannot 
be reconstructed without such an ultramafic contributor, even if in low abundance. 
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Table 2.S1A: Chemical concentration data for Site 1149. "mbsf" is "meters below 
seafloor". "Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table 2.S1B: Chemical concentration data for Site 52. "mbsf" is "meters below 
seafloor". "Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table 2.S2: Compositions of end members used in Total Inversion statistical modeling. 
"ppm" means "parts per million".  
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Table 2.S3A: Chemical composition of bulk ash layers at Site 1149 as determined by 
ICP-ES and ICP-MS. These are chemical analyses of ash layers sampled and analyzed in 
bulk without any physical or chemical separation protocols. "mbsf" is "meters below 
seafloor". "Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. Trace elements from 1149A-11H-5 (81-83) was selected as the mafic end-
member, the average of 1149A-2H-1 (53-55) & 1149A-3H-4 (55-57) was used for the 
felsic ash composition. For major elements see Microprobe data in Table 2.S3C. 
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Table 2.S3B: Chemical composition of bulk ash layers at Site 52 as determined by ICP-
ES and ICP-MS. These are chemical analyses of ash layers sampled and analyzed in bulk 
without any physical or chemical separation protocols. "mbsf" is "meters below seafloor". 
"Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. Trace elements from 52-1R-2 (63-65) was selected as the mafic end-member, 
the average of 52-1R-2 (22-24) & 52-3R-1 (79-81) was used for the felsic ash 
composition. For major elements see Microprobe data in Table 2.S3D. 
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Table 2.S3C: Chemical composition of glass separated from ash layers at Site 1149, as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "Wt. %" is 
"weight percent". "ppm" is "parts per million". Data are overspecified for calculation 
purposes. Major elements from 1149A-11H-5 (81-83) was selected as the mafic end-
member, the average of 1149A-2H-1 (53-55) & 1149A-3H-4 (55-57) was used for the 
felsic ash. 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	  
97 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	  
98 
Table 2.S3D: Chemical composition of glass separated from ash layers at Site 52 as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "Wt. %" is 
"weight percent". "ppm" is "parts per million". Data are overspecified for calculation 
purposes. Major elements from 52-1R-2 (63-65) was selected as the mafic end-member, 
the average of 52-1R-2 (22-24) & 52-3R-1 (79-81) was used for the felsic ash 
composition. For trace elements see bulk data in Table 2.S3B. 
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Table 2.S4: QFA generated end-members. As per the discussion in Pisias et al. (2013), 
these compositions are not necessarily accurate, but are useful for illustrative purposes. 
Output is overspecified in terms of significant figures in order to facilitate comparison. 
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Table 2.S5: Coefficients of Determination (r2) for various Total Inversion (TI) models. 
Al shows strong correlations since it is essentially the same concentration in all end 
members. Results from the models within each site were averaged, since there is no 
difference between, for example, the first two models. Sc at Site 52 is problematic in all 
model experiments (not just those shown here). Output is overspecified in terms of 
significant figures in order to facilitate comparison. 
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Table 2.S6: Radiogenic isotope data for Site 1149 and Site 52. "mbsf" is "meters below 
seafloor". 
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Table 2.S7A: Final modeled end member contributions, Site 1149, and calculated mass 
accumulation rates of these individual contributions. "mbsf" means "meters below 
seafloor", "DBD" means "Dry Bulk Density", "MAR" means "Mass Accumulation Rate". 
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Table 2.S7B: Final modeled end member contributions, Site 52. Mass accumulation rates 
cannot be calculated due to lack of age model (see text). "mbsf" means "meters below 
seafloor". 
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CHAPTER 3 
Cenozoic Evolution of Asian Aridity: Evidence from Dual Sources of Dust to the 
Pacific Ocean Over 60 Ma 
Abstract 
Marine sedimentary archives of atmospheric dust provide key information about Asian 
climate history. In the northwest Pacific Ocean over the past 60 Ma, we observe two 
inputs of Asian eolian material to sediment. Based on geochemical and multivariate 
statistical methods, one is identified as canonical “Chinese Loess”, while the second is a 
newly discovered Asian dust input. These show contrasting accumulation patterns. 
Chinese Loess remains relatively low from 60 to ~15-20 Ma, and increases significantly 
over the past 8 Ma. The second dust decreases from 60 to ~20 Ma and remains low 
thereafter. This transition at ~25-20 Ma highlights contrasts between the older Cenozoic, 
with its decreasing second eolian input, and the younger Cenozoic, marked by the 
ascendency of Chinese Loess. This new combined record of Asian dust sources 
stimulates basic questions about driving mechanisms of Asian aridity over long 
timescales. 
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1. Introduction 
Dust records in marine sediment provide vital information regarding climate, 
tectonics, and ocean-atmospheric interactions over different timescales [Rea, 1994; 
Muhs, 2013]. Sediments from the northwest Pacific, in particular, are critical to 
understanding the development of the Asian Monsoon [Muhs, 2013], the onset of 
Northern Hemisphere Glaciation [Zachos et al., 2001], changes in aridity over the Asian 
interior [Muhs, 2013], and other important climatic features. Although changes in dust 
sources occur over short timescales related to monsoonal dynamics [Irino and Tada, 
2001; Roe, 2009], studies over much longer timescales (10s of Ma) commonly consider 
canonical “Chinese Loess” as the single sole source of Asian dust. Here, based on a 
combined geochemical and multivariate statistical approach [Pisias et al., 2013; Scudder 
et al., 2009, 2014, and references therein], we present a new record indicating two 
sources of Asian dust over the past 60 Ma. The newly discovered second dust source 
provides novel information about the behavior of Asian climate throughout the Cenozoic. 
Recent advances in the integration of geochemistry and multivariate statistics 
[Pisias et al., 2013] targeting the volcanic aluminosilicate component of the sediment 
[Scudder et al., 2009; Scudder et al., 2014] has also enhanced the differentiation of eolian 
aluminosilicate dust from the compositionally similar fine-grained, dispersed volcanic 
ash. We have applied these advances to Ocean Drilling Program (ODP) Site 1149 (Fig. 
3.1), and have generated a novel record of Asian climate evolution over the past ~60 Ma 
that has identified two eolian dust inputs to the northwest Pacific (in addition to two 
different ash sources).  
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The first of the dust sources, not surprisingly, appears to be Chinese Loess [Rea, 
1994; Muhs, 2013; Irino and Tada, 2003; Roe, 2009; Hovan et al., 1991]. The second, 
however, is compositionally distinct from Chinese Loess and instead appears to be 
similar to general Upper Continental Crust (UCC), which has historically been 
approximated as intermediate igneous/volcanic rocks [Taylor and McLennan, 1985]. 
While Chinese Loess, UCC, and other general “crust” compositions are broadly similar 
[Taylor and McLennan, 1985], there are nonetheless distinct compositional differences 
between Chinese Loess and UCC that allow these two materials to be discriminated from 
each other (see Methods below). Because there is no other transport mechanism by which 
these sources can reach Site 1149, we infer they are both eolian. It is beyond our scope to 
specifically identify the source of this second eolian component and, indeed, not enough 
is known about potential sources within the Cenozoic Asian interior to pinpoint its origin. 
As such, we simply refer to this new source as “Eolian 2”. Our goals are to show that this 
second eolian input is present, assess its importance as a potential climate indicator, and 
to stimulate further study. 
 
2. Analytical Geochemistry, Age Models, and Multivariate Statistical Methods  
 Eighty nine (89) freeze dried and homogenized sediment samples were prepared 
by flux fusion digestion and analyzed by inductively coupled plasma emission 
spectrometry (ICP-ES) for major and select trace elements, and digested in an acid 
cocktail and analyzed by ICP-mass spectrometry (ICP-MS) for other trace- and rare earth 
elements [Scudder et al., 2014]. Precision of the original geochemical measurements is 1-
	  	  
119 
2% of the measured values for all the elements except Nb and La (at ~4-5% of the 
measured values), with accuracy confirmed by blind analyses of independent 
international Standard Reference Materials [Scudder et al., 2014]. 
At Site 1149 the ages from 0-111.93 mbsf (0-7.13 Ma) were calculated based on 
the best-fit curve defined by the age-depth relationship from 40Ar/39Ar analysis of the ash 
layers in Unit I [Escutia et al., 2006]. Deeper than 111.93 mbsf (7.13 Ma) the ages were 
calculated assuming a linear sedimentation rate of 1.4 m/my based on the age-depth 
relationship from the bottom of Unit I to the top of Unit IV [Escutia et al., 2006]. For 
LL44-GPC3 ages in the upper portion of the core (above 5 mbsf) were determined using 
magneto-stratigraphy [Kyte et al., 1993]. Below 5 mbsf, the ages were calculated from 
accumulation rates based on a “constant cobalt” model [Kyte et al., 1993]. Taking into 
account the completely different methodologies between the age models at these sites, 
their very different resolutions, and their great geographic distance from each other, that 
the accumulation rates match so remarkably well gives increased confidence that the 
patterns documented at each location are significant and real (Fig. 3.2). We are, 
nonetheless, very careful to restrict our interpretations with respect to the limitations of 
the age models. 
Multivariate statistical techniques were applied to identify both the number (using 
Q-Mode Factor Analysis, QFA) and composition (by Total Inversion-Multiple Linear 
Regression, TI-MLR) of sources to the bulk sediment [Pisias et al., 2013]. These 
techniques are based on well-accepted multivariate applications that have proven useful 
for sedimentary geochemical datasets by many previous workers [Leinen and Pisias, 
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1984; Kyte et al., 1993; Ziegler and Murray, 2007; Ziegler et al., 2007; Martinez et al., 
2009]. Because this work targets aluminosilicate provenance, we focused on an element 
menu of Al, Ti, Sc, Cr, Ni, Nb, La, Th [Scudder et al., 2014].  
 
3. Identification of Two Asian Dust Sources to the Northwest Pacific 
QFA consistently identified four components (“end members”) that explained 
97% of the data variability. In order to ensure that four end-members was the most 
appropriate outcome, combinations of two, three, five, six (etc.) sources were also 
performed. These other outcomes indicate that 3, 4, or 5 are the most likely number of 
end members. The set of three end-members explained only 95% of the data variability. 
Because the difference between the set with three end members and the set with four end 
members is greater than or equal to our analytical uncertainty, we interpret that the fourth 
end-member is robust. Addition of a fifth end-member explains 98% of the data, and the 
difference between explaining 97% of the variability (with four end-members) and 98% 
of the variability (with five end-members) is less than the analytical uncertainty, and thus 
we interpret that the fifth factor is not defensible [Pisias et al., 2013]. This is admittedly a 
conservative approach, but we are most comfortable with it as it does not overly require 
the presence of a source merely to explain a small fraction of the data set’s variability. 
While QFA does not necessarily produce geochemically accurate compositional 
information [Pisias et al., 2013], the compositions generated for this data set are broadly 
consistent with a mafic source, a felsic source, and two distinct intermediate sources 
[Scudder et al., 2014].  
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We selected a suite of potential compositions of these four potential end-members 
(e.g., Chinese loess, continental crust, felsic and mafic volcanic ashes, etc.) from the 
literature or from our own chemical analyses (in the case of ash). Using the TI-MLR 
technique, we then statistically mixed all possible four component (given the QFA 
results) combinations of eolian materials (e.g., Chinese Loess, and/or other continental 
crustal-type compositions), known compositions of ash (various generic and arc-specific 
rhyolites, andesites, dacites, basalts, etc.), and other sources in order to identify 
combination(s) of four components (given the QFA results) that best fits the data. Of the 
dozens of potential mixtures, we identified four possible combination(s) with four 
sources each that are statistically defensible and geologically reasonable. Each of these 
four combinations are in-and-of themselves statistically significant and indistinguishable 
from each other. The presence of Chinese Loess [Jahn et al., 2001] and Upper 
Continental Crust [Taylor and McLennan, 1985] were required in all four statistically 
defensible models and, given their deposition location in the distal pelagic Pacific, we 
infer they are both eolian. Furthermore, in each of these four models the abundance of 
these two modeled eolian sources was similar. Finally, the other two sources were always 
volcanic ashes (these volcanic components are presented elsewhere [Scudder et al., 
2014]).  
In terms of the non-ash components, that is, the Chinese Loess and Upper 
Continental Crust (to which we refer as “Eolian 2”), the consistency between model 
outputs speaks to the confidence of the results and that our interpretations are not based 
on an overly unique single model result. Furthermore, because their differences are slight 
	  	  
122 
and there is no a priori reason to choose any one over the other three, the results 
presented here for Chinese Loess and Eolian 2 are the average of the four models. As 
quantified by the standard deviation of the average of these four models, precision is ~4% 
of the calculated value for both Chinese Loess and the Eolian 2 source. 
 
4. Asian Aridity in the Cenozoic and the Dual Occurrence of Dust in the Pacific 
The geochemical and multivariate statistical methods described above clearly 
generate two distinct sources of eolian dust from Asia. The mass accumulation rate 
(MAR) of Chinese Loess dominates the record with values ~10 times that of Eolian 2 
(Fig. 3.2). This MAR pattern is consistent with other published terrestrial and marine 
records of Chinese Loess [Muhs, 2013]. There is an enhancement of the Asian aridity in 
monsoon-dominated regions of China from ~15-8 Ma [An et al., 2001; Sun and Wang, 
2005; Clift et al., 2008], which also approximately corresponds with the lower boundary 
of the Red Clay unit [Guo et al., 2008; Li et al., 2014]. There is further intensification in 
aridification since ~4-2 Ma, which is potentially linked with uplift of the northern Tibetan 
Plateau [Clift et al., 2008; Zhang et al., 2014). The increase in dust at ~3 Ma at multiple 
sites in the North Pacific has been associated with the onset of Northern Hemisphere 
glaciation [Rea, 1994]. Moreover, the magnitude of the Chinese Loess accumulation at 
Site 1149 broadly agrees with the magnitude recorded by other marine records developed 
using different methodologies and/or cores (Rea, 1994; Hovan et al., 1991, Clift et al., 
2008; Kyte et al., 1993), particularly given expected variability between distal and 
proximal locations. Site 1149, therefore, appears to provide a faithful record of Asian 
	  	  
123 
dust input. The consistencies in the Chinese Loess record speak to the fidelity of the Site 
1149 sedimentary sequence and to the validity of our overall geochemical/statistical 
approach.  
The presence and accumulation of Eolian 2 is intriguing and to our knowledge has 
not been documented in other western Pacific records this far back in time. Overall, 
Eolian 2 decreases from ~60 Ma to ~22 Ma by a factor of ~7, with variations in its 
accumulation. Specific interpretation of these shorter variations is difficult due to the low 
sampling resolution through this period. There is only a slight increase of ~4% from ~8 
Ma to ~4 Ma and another small peak at ~1.5 Ma.  
While a second eolian source has not been identified in the western Pacific, our 
identification of Eolian 2 is consistent with several previous studies of the eastern and 
central Pacific. Most importantly, in the well-studied LL44-GPC3 core (Fig. 3.1) two 
dust sources were identified back to ~65 Ma [Kyte et al., 1993]. The first, named 
“continental Eolian 1”, was interpreted as Asian [Kyte et al., 1993] and is akin to our 
Chinese Loess. The second, originally referred to as “andesitic Eolian 2”, was 
compositionally different from the first Asian source [Kyte et al., 1993]. This 
compositional distinction [Kyte et al., 1993] parallels what we observe at Site 1149 
between Chinese Loess and Eolian 2. Furthermore, the “andesitic Eolian 2” in LL44-
GPC3 also shows a strong similarity in the temporal pattern of accumulation rate to that 
of the accumulation of “Eolian 2” at Site 1149 (Fig. 3.2), particularly within the 
tolerances of the low-resolution age models at both locations. Given (a) that the 
“andesitic Eolian 2” is itself an average composition [Kyte et al., 1993], (b) that UCC is a 
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representation of continental crust that is also andesitic, and (c) the large distance 
between LL44-GPC3 and Site 1149, the compositional and accumulation rate affinities 
between these components is very strong. Therefore we interpret that the second eolian 
dust source at LL44-GPC and Site 1149 are one and the same. 
That this second eolian source, from deep in the Cenozoic Era, is found in both 
the western and eastern-central Pacific has profound implications for our understanding 
of Asian aridity and climatic evolution. The second source at LL44-GPC3 was originally 
suggested as being from a low-latitude North American source [Kyte et al., 1993], 
recording the Paleogene tectonic movement of LL44-GPC3 from the trade winds, that 
were suggested to have delivered material from North America, to when the core was 
subsequently beneath the westerlies, which delivered dust from Asia during the Neogene 
[Kyte et al., 1993]. Similarly, an Asian and a North American dust source were postulated 
to be present at ODP Site 1215, located even further to the southeast (Fig. 3.1) [Ziegler et 
al., 2007].  
However, based on the paleo- and current location of Site 1149, there is no known 
mechanism by which North America could be responsible for the second Eolian 2 input 
at Site 1149, located in the western Pacific and always between 21-31°N (Fig. 3.1) 
beneath the westerlies and significantly north of the modern ITCZ [Waliser et al., 1994]. 
This is also consistent with regional patterns of eolian input throughout the north Pacific 
[Rea, 1994; Leinen, 1989). Prior to Northern Hemisphere glaciation, atmospheric 
circulation may have been significantly different with a further north ITCZ [Rea, 1994], 
yet key studies infer the pre-glaciation ITCZ moving only as far as 12-23°N [Hovan, 
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1995; Kim et al., 2006]. Therefore, we maintain that Asia is the source not only of 
Chinese Loess, but also of Eolian 2 to Site 1149 in the western Pacific, and therefore to 
LL44-GPC3 and Site 1215 in the eastern and central Pacific. This interpretation is also 
consistent with the fact that at Site 1149 the accumulation rate of Chinese Loess is ~10 
times what it is at LL44-GPC, and the accumulation of Eolian 2 at Site 1149 is ~20 times 
that of the second eolian input at LL44-GPC (Fig. 3.2).  
The results from Site 1149, in the far western Pacific, therefore suggest that the 
previous interpretations of the second dust source to LL44-GPC3 and Site 1215 as being 
from North America [Kyte et al., 1993; Ziegler et al., 2007] were incorrect. Our results 
therefore also call into question suggestions of an extremely northern ITCZ (~40-50°N) 
at times through the Cenozoic (1), as they are based largely on the interpretation of the 
second eolian source to LL44-GPC3 being from the east, as opposed to being from the 
west as we show here. 
That there are two important dust sources from Asia through the long-term 
Cenozoic, rather than just the single canonical “Chinese Loess”, parallels studies of 
shorter time frames in the Asian dust system. For example, late Quaternary sediment 
from the Japan Sea records input from both the Gobi Desert and the Tarim Basin 
[Nagashima et al., 2011]. The contribution from Tarim increases distally, which has been 
interpreted as being caused by higher altitude (~10 km) transport, with the material from 
the Gobi Desert being transported at lower altitudes (~2-3 km) [Nagashima et al., 2011]. 
Like any study of provenance, we are challenged to distinguish input from two different 
sources (e.g., Tarim, Gobi) from input of a single evolving source. Nonetheless, that we 
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document both Chinese Loess and Eolian 2 consistently through the Cenozoic suggests 
Site 1149 is not merely recording change in a single source but is recording two distinct 
sources of eolian material through the long-term Cenozoic. 
These results also offer new opportunities for inferring the climate and tectonic 
evolution of Asia and the northern hemisphere. For example, the decrease in the input of 
Eolian 2 occurs through the Cenozoic global cooling [Zachos et al., 2001] and associated 
hydrologic changes (Fig. 3.3). Additionally, large-scale uplift of portions of the Tibetan 
Plateau occurred during the Eocene [Wang et al., 2008], with the main body of the 
Tibetan Plateau being uplifted to its present altitude by 25-15 Ma [Sun and Wang, 2005]. 
In Northwest China, terrestrial records reveal regional aridification and monsoonal 
intensification at ~40 Ma that responded to the global Middle Eocene Climatic Optimum 
[Bosboom et al., 2014]. However, the aridification and intensification were not transient, 
but permanent, and may be related to retreat of the ParaTethys Sea, or global cooling that 
reduced moisture supply to the Asian interior [Bosboom et al., 2014]. In the Tarim Basin, 
major cooling and aridification occurred during the late Eocene to early Oligocene, as a 
regional response to the global Eocene-Oligocene Transition and its associated changes 
in paleogeography. These tectonic and climate changes may have resulted in hydrologic 
reorganizations that are recorded in the decrease in Eolian 2 accumulation at ~34 Ma and 
at other times. Previous studies of deposits of eolian dust demonstrate that desertification 
was present in the Asian interior as far back as 25 Ma [Guo et al., 2002; Qiang et al., 
2011]. Recent grain size studies of terrestrial material in the Xining Basin, tracing back to 
the Asian interior, extend the record of eolian dust in central China by a further 15 my, to 
	  	  
127 
the late Eocene [Licht et al., 2014]. Furthermore, climate simulation modeling shows a 
well-established winter and summer Asian monsoonal system during the Eocene [Licht et 
al., 2014]. Our findings not only provide a more continuous record but further suggest 
that other marine records from different latitudes and distal/proximal locations may also 
prove beneficial to the study of the most ancient Asian Monsoon.  
 
5. The Key Climate and Tectonic Transition: The Oligocene-Miocene (~25-22 Ma) 
The Oligocene-Miocene (O-M) transition (from ~25-22 Ma) is a key time interval 
recorded by the dual eolian sources found at Site 1149. For example, prior to the O-M, 
paleoenvironmental records document an Eocene arid belt across the whole of China 
from the west to the east [Sun and Wang, 2005], which resulted from subtropical high-
pressure zones. Climate modeling also supports a Chinese Eocene arid belt [Zhang et al., 
2012]. In both environmental records and climate models this arid zone migrates into 
northwestern China and wet climate prevailed in Eastern China by the early Miocene 
(~22 Ma) due to the establishment of the East Asian summer monsoon resulting from 
uplift in North Eastern and Eastern Tibet and subsidence of east China [Yuan et al., 
2013]. Magnetostratigraphic records of the Xining Basin show evidence for tectonism at 
~25–20 Ma that can be linked with the deformation of the India-Asia collision zone [Xiao 
et al., 2012]. Additionally, a change in in magnetic susceptibility at ~25 Ma is observed 
potentially suggesting a change in dust provenance [Xiao et al., 2012]. New terrestrial 
records of dust in the Xining Basin further reinforce the importance of the 25-22 Ma time 
period [Licht et al., 2014]. Over this same time, particularly in southeast Asia, the 
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westerlies decreased in relative importance as a carrier of dust due to the development of 
the winter monsoon [Sun and Wang, 2005]. We suggest that the final decrease of Eolian 
2 is marking this climatic transition. Other modes of deformation in Tibet that changed 
significantly around 22-20 Ma include activation of the Kunlun fault and initiation of 
intercontinental subduction in Northern Pamir [Zhang et al., 2012]. Additionally, the 
present-day position of the Yangtze River system was established by ~23 Ma [Zheng et 
al., 2013].  
The climate and tectonic changes discussed above collectively suggest that the 
~25-20 Ma interval may reflect an important transition in the hydrologic evolution of 
eastern Asia. At Site 1149, during this time period (within the tolerance of the age model) 
the accumulation of Eolian 2 ends its long Cenozoic decrease (Fig. 3.3). Younger than 
the O-M transition, Eolian 2 does not exhibit nearly as much variability. Although 
Chinese Loess shows its largest growth at 8 Ma, it begins its gradual increase between 
~15-20 Ma to ~9.3 Ma. Thus, the ~25-20 Ma time interval is an important crossover in 
the accumulation patterns of eolian transport from the Asian interior. 
 
6. Conclusion 
Overall, the geochemical approach we have deployed here has the sensitivity to 
resolve the key low-abundance second Eolian 2 source even in a sedimentary regime 
dominated by volcanic ash. This newly discovered Eolian 2 component does not appear 
to be responding to any one specific event. Instead, the accumulation pattern of the 
second dust source highlights the contrast between the older Cenozoic record (from 60 
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Ma to 22 Ma), which is dominated by the decrease in Eolian 2 accumulation, and the 
younger Cenozoic (from 22 Ma to the modern), which reflects the ascendency of Chinese 
Loess. This time period from ~25 Ma to 20 Ma, therefore, may represent a fundamental 
boundary in the hydrologic behavior of the Asian interior, and may be manifest in 
terrestrial systems [Zheng et al., 2013] as well as marine records such as those presented 
here. This change at a tectonically and climactically active time in Earth’s past indicates 
that the two dust sources are best interpreted in the context of their dual occurrence to 
yield a more complete history of Asian aridity.  
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Fig. 3.1. Current location of ODP Site 1149 (31°20.099'N, 143°21.805'E), and backtrack 
path over the past 60 Ma (derived from G-Plates [Gurnis et al., 2012]), tick marks 
indicate 5 Ma increments. The sedimentary units at Site 1149 are clay-rich with varying 
amounts of siliceous microfossils and volcanic glass [Escutia et al., 2006]. The volcanic 
component decreases with depth, with no ash layers described in Unit IIB [Escutia et al., 
2006]. General atmospheric circulation patterns over northern China and the locations of 
the Tibetan and Loess Plateaus are also shown. Grey arrows represent the westerlies, 
black arrows represent the Asian winter monsoon [Fan et al., 2006]. Inset shows LL44-
GPC3 (30°19.9’N, 157°49.9’W) and Site 1215 (26°01.77′ N, 147°55.99′W) for 
comparison. 
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Fig. 3.2. Eolian mass accumulation rates of Chinese Loess (red line) and “Eolian 2” 
recorded at Site 1149 (blue line). Note overall decrease in fluxes of Eolian 2, and overall 
increases in Chinese Loess (and differences in scale between the two), through the 
Cenozoic. Also shown are fluxes in core LL44-GPC3 of “continental Eolian 1” (black 
line) and “andesitic Eolian 2” (dark grey line) [Kyte et al., 1993]. Loess accumulation 
gradually decreases from ~55 Ma to ~22 Ma, gradually increases by a factor of ~10% 
from ~22 Ma to ~9.3 Ma, then more than doubles to ~3.3 Ma, and then rapidly increases 
to the modern. 
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Fig. 3.3. Eolian mass accumulation rates at Site 1149, plotted through time with the 
occurrence of various global climate events (Zachos et al., 2001; Bosboom et al., 2014). 
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CHAPTER 4 
The Importance of Dispersed Volcanic Ash as an Input to the Nankai Subduction 
Zone 
Abstract 
We examine the effect of dispersed volcanic ash on the mass balance and physical 
properties of the aluminosilicate sediment entering the Nankai Trough. Based on a newly 
generated geochemical data set of the major, trace, and rare earth element composition of 
the bulk sediment at Integrated Ocean Drilling Program (IODP) Sites C0011 and C0012, 
multivariate statistical analyses quantitatively determine the abundance and accumulation 
of multiple aluminosilicate sources that compose the bulk sediment. The mass of volcanic 
ash that is dispersed within the bulk sediment is 15-25 times the mass of that found in the 
discrete ash layers. We identify three sources to the bulk sediment at Site C0011, and 
four at Site C0012. Both sites include continental material, and two sources at Site C0011 
(Honshu Rhyolite and rhyo-dacite) and three at Site C0012 (Izu-Bonin rhyolite, Izu 
Bonin andesite, and dacite) are different ashes. At Site C0011, the composition of the 
dispersed ash appears linked to that of the discrete layers, and the dispersed ash mass 
accumulation rate correlates best with discrete ash layer thickness. In contrast, at Site 
C0012 the dispersed ash mass accumulation rate is best correlated to the number of ash 
layers and not to ash layer thickness. Below the Unit I/II boundary at both Site C0011 
and C0012, the number of ash layers, as well as their individual thickness, decreases to 
virtually zero while the dispersed ash component remains high. Together the layers and 
dispersed ash present a more complete record of volcanism then either one alone. The 
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vastly greater amount of dispersed ash than is found in the ash layers indicates that mass 
balances and Subduction Factory budgets must fully include this dispersed ash for a 
complete assessment of volcanic contributions to large scale geochemical cycling. 
 
1. Introduction 
Volcanic ash plays an important role for geochemical budgets in the context of 
“Subduction Factory” studies (e.g., Plank & Langmuir, 1998; Stern et al., 2006; Plank et 
al., 2007, and references therein), which are of prime interest to the Nankai Trough 
Seismogenic Zone Experiment (NanTroSEIZE). The amount, distribution, and 
composition of volcanic ash in sediment speaks to inputs as well as outputs in the budget, 
namely, knowing how much ash is entering the Subduction Factory is important for 
understanding arc “cannibalism” and recycling, while the ash record itself provides an 
archive of local, regional, and global magmatic evolution. Previous studies of ash in 
marine sediment have predominantly focused on discrete ash layers linking the thickness 
and number of layers at a variety of locations and timescales with explosive volcanism 
(Cambray et al., 1993; 1995; Pouclet et al., 1992; Straub, 2003). Additionally, 
reconstructions of eruption intensities and atmospheric circulation patterns have been 
based on grain size characteristics and inferred dispersal patterns of the ash found in these 
discrete layers, both at sea and on land (Ninkovich et al., 1978; Carey & Sigurdsson, 
2000; Rose et al., 2003).  
Of additional interest is the distribution of dispersed ash, which constitutes an 
under-utilized repository of critical information regarding geochemical budgets and 
tectonic history (Scudder et al., 2014). Dispersed ash can result from bioturbation of pre-
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existing discrete ash layers, the settling of airborne or subaqueous ash through the water 
column, transport from terrestrially exposed ash deposits eroded from land, and other 
processes. General studies based on sedimentological smear slides and other methods 
show that dispersed ash can comprise as much as 30-40 weight percent (wt.%) of the bulk 
sediment (Straub and Schmincke, 1998; Peters et al., 2000; Scudder et al., 2009, 2014). 
Most dispersed ash is very fine silt to clay sized (0-100 µm, with significant quantities 
~20-30 µm in size or less; Huang, 1980; Rose et al 2003), which causes visual and 
sedimentological quantification to be challenging, particularly given ash’s compositional 
similarity to various crustal sources through the mafic-felsic spectrum. While often only 
qualitatively addressed, dispersed ash nonetheless could have a considerable effect on 
subduction zone chemistry (e.g., Underwood and Pickering, 1996) and subsequently on 
crust and mantle composition (e.g., Plank & Langmuir, 1998), just as does the ash that 
occurs in discrete layers.  
In the northwest Pacific, recent geochemical and quantitative statistical analysis 
has identified that multiple dispersed ash sources together comprise ~30-35% of the 
sediment mass entering the Izu-Bonin-Mariana subduction system (Scudder et al., 2009, 
2014). These high values are consistent with sedimentological studies (e.g., smear slides) 
yet are able specifically quantify the amount of dispersed ash on a sample-by-sample 
basis, identify the number of likely dispersed ash sources, consider their compositions, 
and examine their putative relationships to the occurrence of the ash layers. For example, 
while at Site 1149 there are compositional linkages between the discrete ash layers and 
the dispersed ash, at Site 52 there is a boninite component that is dispersed within the 
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bulk sediment yet that does not occur in any of the ash layers. A parallel benefit of being 
able to finely parse the aluminosilicate component of the sediment into terrigenous 
detrital (commonly eolian) and volcanic ash(es) is an enhanced ability to differentiate 
multiple eolian sources from continental Asia (Scudder et al., in review).  
The main goal of NanTroSEIZE is to observe the up-dip limit of the seismogenic 
and tsunamigenic zone over the Nankai Trough subduction boundary, along which mega-
thrust earthquakes are known to occur (Tobin and Kinoshita, 2006). The Nankai Trough 
is formed by subduction of the Philippine Sea plate beneath Japan on the Eurasian Plate 
(Figure 4.1). In order to accomplish the goals of NanTroSEIZE, several important 
components of the plate boundary system must be considered before drilling to the depths 
at which earthquakes may occur. In this context, IODP Expeditions 322 and 333 were 
undertaken in order to characterize the pre-subduction inputs of sediment and oceanic 
basement. Here we present geochemical records from two IODP Sites (C0011 and 
C0012) drilled during both of these expeditions in order to examine the cumulative 
contribution of volcanic ash (discrete layers plus the dispersed component) on 
hemipelagic sediment entering the Nankai Trough.  
 
2. Sedimentology and Stratigraphy 
IODP Sites C0011 and C0012 are located in the Shikoku Basin ~100 km 
southeast of the Kii Peninsula and ~160 km west of the Izu-Bonin arc on the Kashinosaki 
Knoll, a prominent bathymetric high. The Shikoku Basin originated on the Philippine Sea 
plate during the Early and Middle Miocene as a result of seafloor spreading in a backarc 
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setting relative to the Izu-Bonin subduction system (Kobayashi et al., 1995). Located near 
the crest of the Kashinosaki Knoll, Site C0012 represents a condensed sediment section 
in comparison to Site C0011, which is located on the northwestern flank (Figure 4.1).  
At both Sites C0011 and C0012, five major sedimentary stratigraphic units have 
been defined (Figure 4.2; Saito, Underwood, Kubo, et al., 2010; Henry, Kanamatsu, Moe, 
et al., 2012). Unit I (0 to ~348 mbsf at C0011, 0 to ~151 mbsf at C0012) corresponds to 
ash-rich, fine-grained hemipelagic material with the abundance of ash-layers and fresh 
glass-shards decreasing downcore. The number of discrete ash layers in this Unit I is 
high. The boundary between Units I and II is marked by an abrupt lithologic change with 
the appearance of volcaniclastic and tuffaceous sandstone turbidite sequences 
interbedded with dark gray clayey siltstone. Unit II spans from ~348 mbsf at Site C0011 
(~151 mbsf at Site C0012) to ~479 mbsf at Site C0011 (~220 Ma at Site C0012). Unit III 
(C0011: 479-674 mbsf; C0012: 220-332 mbsf) is characterized by hemipelagic 
claystones with very minor thin layers present. Unit IV (~674-850 mbsf at Site C0011, 
~332-416 mbsf at Site C0012) consists mainly of bioturbated mudstone with interbeds of 
normally graded siltstone and fine-grained siliciclastic sandstone, while Unit V contains 
tuffaceous sandy mudstone and sandstone, with minor amounts of tuff (Pickering et al., 
2013). Unit V reaches ~538 mbsf at the sediment to basement boundary at Site C0012, 
and at Site C0011 basement was not reached (coring was stopped at ~881 mbsf; Figure 
4.2).  
Shipboard sedimentological smear slide analyses estimate that dispersed ash 
constitutes an average of ~25-30 wt.% through Units I and II, and decreases to ~7-15 
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wt.% in Unit III (Figure 4.3, Saito, Underwood, Kubo, et al., 2010; Henry, Kanamatsu, 
Moe, et al., 2012). The smear slide data differentiates between “volcanic glass” and 
“volcanic lithics” (Figure 4.3), but does not yield any further compositional information 
and has wide uncertainties. Furthermore, we will show that the smear slide data for Unit 
III at both sites underestimates the amount of dispersed ash by approximately 25% of the 
reported values.  
 
3. Samples and Methods 
We analyzed the major-, trace, and rare-earth element bulk chemistry of bulk 
sediment from all five units at both Sites C0011 (67 samples) and C0012 (51 samples) by 
Inductively Coupled Plasma-Emission Spectrometry (ICP-ES) and ICP-Mass 
Spectrometry (ICP-MS) following the methods of Scudder et al. (2014). Given our 
project’s goals, during sampling of the bulk (“background”) sediment, we specifically 
avoided discrete ash layers, volcaniclastic and/or tuffaceous material, and turbidites. 
Additionally, because our study focuses on aluminosilicate sediment, we did not include 
in our dataset any samples with >10 wt. % Ca so as to avoid biogenic carbonate. 
Drift-corrected calibrations were generated using the international Standard 
Reference Materials (SRMs) AGV-1, BCR-2, BIR-1, DNC-1, MAG-1, PACS, and W-2. 
Precision was quantified by repeated preparations and analyses of the international SRM 
BHVO-2, and is better than 2% of the measured values for all the major elements (except 
for Na, K and P), Sc, Sr, Nb, Pr, Eu, Gd, Er, Hf, Ta, Th and U; between 2-5% for Na, K, 
V, Ni, Cu, Rb, Zr, Ba, La, Ce, Nd, Sm, Tb, Dy, Ho, Yb and Lu; and between 5-10% for 
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P, Sn, Cs, and Pb. Accuracy was compared to independent analyses of BHVO-2 that were 
included in each batch as unknowns, and accuracy was within the precision of the 
analyses. 
Ash layers were identified from core photos, Visual Core Descriptions (VCDs), 
and shipboard “barrel sheets”. The cores are of various quality, based on drilling method 
and the slope of the Kashinosaki Knoll where each of the different cores was obtained. 
Therefore, the number and thickness of ash layers presented here represents the 
minimum. A total of 337 ash layers were identified at Site C0011 and 179 at Site C0012. 
These layers range in thickness from a few millimeters to 10s of centimeters. Glass 
shards from select ash layers (52 layers from Site C0011 and 28 layers from Site C0012) 
were analyzed for major elements by electron microprobe (EMP) at GEOMAR (Kiel, 
Germany). A further subset of glass shards from 6 ash layers from Site C0011 and 5 ash 
layers from Site C0012 were analyzed for trace elements by laser ablation-ICP-MS (LA-
ICP-MS) at Academia Sinica, Taipei, Taiwan. The methods for both EMP and LA-ICP-
MS are in Kutterolf et al. (20014). Based on the major and trace element chemistry, two 
ash layers, C0012-1H-3 (116-118 cm) and C0011D-4H-2 (53-55 cm), have been 
identified as representative of dacitic and rhyolitic ash layers at these sites. 
Dry bulk density measurements were obtained from shipboard moisture and 
density measurements from Expeditions 322 and 333 (Saito, Underwood, Kubo, et al., 
2010; Henry, Kanamatsu, Moe, et al., 2012). Age models for Sites C0011 and C0012 
were calculated by fitting linear segments to the respective age-depth models (Henry, 
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Kanamatsu, Moe, et al., 2012), solved for the slope of each line segment, and then 
computed the age for each depth point on that segment. 
4. Quantification of Dispersed Ash at Sites C0011 and C0012 
4.1. General Principles 
We applied multivariate statistical treatments to our geochemical dataset in order 
to identify the number and composition of the sources to the bulk sediment. For both Site 
C0011 and Site C0012, we used the Q-Mode Factor Analysis (QFA) and Constrained 
Least Squares (CLS) multiple linear regression approaches from Pisias et al. (2013). 
These approaches are derived from earlier work by Leinen and Pisias (1984, and 
references therein), Kyte et al. (1993), and other researchers, and have been used 
successfully by our research group in a number of geological and oceanographic settings 
(Martinez et al., 2007, 2009, 2010; Ziegler et al., 2007, 2008; Ziegler and Murray, 2007; 
Scudder et al., 2009, 2014). QFA helps to identify objectively the number of independent 
components, although in general the compositions of these components calculated by 
QFA does not necessarily represent the exact, specific composition of any individual end-
member (Pisias et al., 2013). In CLS analysis the composition of potential end-members 
are mixed until the best multiple linear solution is reached. Thus, QFA generates an 
objective assessment as to the number of sources and their broad composition(s) and, 
building upon and incorporating the QFA results, CLS generates the quantitative mix of 
specific sources. 
Based on our previous work in ash-rich northwest Pacific marine sequences 
(Scudder et al., 2009, 2014), we used a refractory suite of elements predominantly 
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associated with aluminosilicate components (Al, Ti, Sc, Cr, Nb, La, Th). The number of 
elements that can be used is scaled according the number of samples in the data set 
(Reimann et al., 2002; Pisias et al., 2013; Scudder et al., 2014). Aluminosilicate end-
members comprise the bulk of the sedimentary material at these sites and are key to 
understanding changes through time. Therefore, this element menu only targets such 
aluminosilicate end-members for these multivariate statistical treatments. The end-
members, being aluminosilicates, fall in the compositional spectrum between, and 
including, upper crustal (e.g., loess, continental crust, and ashes of felsic to dacitic 
composition, etc.) as well as more primordial sources (basalts, etc.).  
Resolving sources within this first group is particularly challenging. In addition to 
the ash layer compositions sampled from a given site in question, the current 
compositions of additional likely end-members are identified from the literature. 
Identification of eolian and continental crustal-type sources is relatively straightforward, 
and can be reasonably based on compiled “representative” data, such as “Chinese Loess” 
(Jahn et al., 2001), formal Upper Continental Crust (UCC, Taylor and McLennan, 1985), 
Post-Archean average Australian Shale (PAAS, Taylor and McLennan, 1985). 
Identification of potential volcanic sources with broadly intermediate compositions (e.g., 
dacites) and the composition of older material is more challenging due to the number of 
potential sources and the potential for geochemical evolution of the source through time, 
as is the case with all provenance studies be they mineralogical, chemical, or isotopic in 
orientation. 
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4.2. Site C0011 
QFA of the data from Site C0011 indicates that three factors explain 99% of the 
variability of the bulk sediment (Table 4.A1). One of these sources appears to be of 
intermediate composition while the other two are broadly felsic. Applying the CLS 
multiple linear regression identifies the three sources as PAAS, a representative Rhyo-
Dacite (described below), and Rhyolite from the Honshu Arc (HR) (Figure 4.4, Table 
4.A2). These two ashes comprise 36 ± 8 wt. % of the bulk sediment. We arrived at this 
specific group of sources by mixing possible combinations of likely inputs derived from 
the literature, taking into account the approximate compositional guidelines provided by 
QFA, and by making assumptions based on geological constraints as to where the sources 
could potentially have originated (Table 4.A3). While Chinese Loess, UCC, PAAS, and 
other general dacitic compositions are broadly similar (Taylor and McLennan, 1985), 
there are distinct compositional differences that allow these materials to be discriminated 
from each other in the context of the Site C0011 data array. For example, this is not to 
say that there is no Chinese Loess material present, but rather that this source is a typical 
average shale component that may include Chinese Loess and other terrestrial materials.  
While including PAAS and HR in the C0011 model is relatively unambiguous, 
we found that for the third component it could be modeled including either the 
composition of the rhyolitic ash layers specifically from Site C0011 or with Dacite from 
the Honshu Arc (HD). Models with PAAS, HR, and either C0011 rhyolitic ash or HD 
resulted in two models that were essentially indistinguishable from each other. Elemental 
r-values for the two models show that the model with the C0011 rhyolite layers has 
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slightly higher r-values for Sc, La and Th, while exchanging HD for the rhyolite layers 
yields higher r-values for Cr and Nb. Because these modeled results are close in quality, 
and cognizant of the general challenges with working in fine-grained bulk sediment, we 
chose to average the two models at Site C0011 and interpret the average of these two 
sources as a representative component. We refer to this component as “Rhyo-Dacite”.  
Currently Site C0011 is located proximally to mainland Japan and the Nankai 
accretionary prism and, thus, when considering the three end-members for Site C0011 
(PAAS, Rhyo-Dacite, HR) we must take into account the influx of sedimentary material 
eroded from these and other old terrestrial sources (e.g. Pickering et al., 2013). In this 
discussion, it is important to recall that geochemical composition alone does not yield 
information regarding the pathway by which (in this case) the dispersed ash is transported 
to a given location, and that the main focus of our study (quantifying the abundance and 
composition of the dispersed component) is independent of the specific pathway of ash 
incorporation into the sediment. Nonetheless, given the constraints of the locations of 
these sites, we are able to offer some constraints as to mechanisms of transport and 
deposition.  
Given that the model that best explains the composition of the sediment at Site 
C0011 includes an end-member based on the chemistry of the discrete ash layers (Table 
4.A4), we interpret that at least a portion of this “Rhyo-Dacite” component is the result of 
eolian transport. Similarly, while we cannot exclusively identify the pathway of HR, 
because it does not appear in discrete layers, we interpret that it is more likely to be 
erosional, although a portion of it could be transported by eolian means as well. PAAS, as 
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a general upper crustal component, is potentially more likely to have been transported as 
eolian transport rather than by erosion from the nearby terrestrial sources, however we 
cannot discount an erosional pathway for this source. For example, soils from Japan are 
predominantly composed of eolian dust transported from the Chinese Loess Plateau, the 
Gobi desert, Mongolia, and the surrounding regions (e.g., Inoue and Naruse, 1987). We 
are unable to distinguish between such terrestrially deposited loess that is eroded and then 
deposited at Site C0011, from loess that is transported through the atmosphere to Site 
C0011. 
 
4.3. Site C0012 
Applying the same methods to Site C0012, QFA indicates that four factors 
explain 99% of the variability in the bulk sediment. The compositions yielded by these 
factors indicates that two intermediate and two felsic end-members make up the bulk 
sediment. The CLS multiple linear regressions indicate that these end-members are best 
explained by mixing PAAS, the dacitic ash layers from Site C0012, rhyolite from the Izu-
Bonin Arc (IBR), and andesite from the Izu Bonin Arc (IBA). Collectively, these ashes 
contribute approximately one-half (49 ± 10 wt. %) of the bulk sediment. No combination 
of other dust or volcanic sources, including Chinese Loess, the rhyolitic ash layers from 
this site, or rhyolite, andesite or dacite from the Honshu Arc, yields better residuals than 
the combination of PAAS, C0012 dacite layers, IBR, and IBA. The presence of the 
discrete ash layer chemistry in our model indicates that the dispersed ash does match the 
layers, at least for this “Dacite” end-member. As with Site C0011 we interpret that at 
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least a portion of this “Dacite” is the result of eolian transport. While we cannot 
necessarily identify a transport pathway for the IBR and IBA components of the 
dispersed ash, Site C00012 is located reasonably far from the Izu-Bonin Arc and 
therefore we infer eolian transport of these sources as well. The higher abundance of 
eolian rather than erosionally transported material is consistent with the location of this 
site on a bathymetric high. 
 
4.4. Integrating Sites C0011 and C0012 
On average the dispersed ash component at Site C0011 is 36 ± 8 wt. %, while the 
average sum of the dispersed ash at Site C0012 is 49 ± 10 wt. % of the bulk sediment 
(Figure 4.4, Table 4.A5). Overall Site C0011 exhibits slightly less variability than Site 
C0012, although the patterns in dispersed ash are broadly similar at the two sites. At Site 
C0011, HR is the main ash component throughout Site C0011 with a slight decrease in 
HR and an increase in rhyo-dacite at the Unit II/III boundary (~480 mbsf, Figure 4.4). At 
Site C0012, IBR is the dominant dispersed ash component (26-44%) with roughly equal 
abundances of Dacite and IBA (0-32%; Figure 4.4). The HR component is fairly steady 
through Units I and II and decreases in abundance through Unit III (~220 – 332 mbsf) 
then remains steady in Unit IV whereas the dacite and IBA components exhibit a gradual 
increase in abundance beginning in Unit II (Figure 4.4). These results are consistent with 
other studies of the tuffaceous and volcaniclastic sandstones, which outline mixed origins 
for the volcanic material from both the Izu-Bonin and Honshu Arcs (e.g., Kutterolf et al., 
2013; Pickering et al., 2013; Schindlbeck et al., 2013). 
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At both Sites C0011 and C0012, the number of discrete ash layers exhibits a 
broad decrease from the sediment surface down through the Unit I/II boundary. As a 
result of the turbidite sequences the sampling resolution though Unit II is fairly low and 
the abundances are variable at both sites. There are no ash layers in the remainder of Unit 
II. Site C0011 shows a decrease through the Unit II/III boundary, then remains steady in 
the remainder of Unit III and Unit IV. In contrast, dispersed ash abundances at Site 
C0012 increase though the Unit III boundary after which it exhibits a sharp decrease to 
~400 mbsf and then increases through the remainder of Units IV and V. There are few to 
zero ash layers in Units III and IV at either site.  
 
5. Comparisons of Dispersed Ash and Discrete Ash Layers 
How quantitatively important is the dispersed ash compared to the ash found in 
the discrete ash layers? As noted previously, many studies (Ninkovich et al., 1978; 
Cambray et al., 1993; 1995; Pouclet et al., 1992; Carey & Sigurdsson, 2000; Straub, 
2003) have extensively studied ash layers, yet it is clearly important to add the dispersed 
ash to the consideration of the volcanic record. We here quantitatively assess their 
relative contributions in several ways.  
 
5.1. Temporal Patterns in Dispersed Ash and Ash Layer Accumulation 
We first compare the temporal patterns in ash layer accumulation to that of the 
dispersed ash component. We compare the mass accumulation rate (MAR, g/cm2/ky) of 
the dispersed ash component to a number of common ash layer parameters, including the 
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number of ash layers per unit time, the thickest ash layer per unit time, and the total 
thickness of ash layers per unit time. We binned the ash layer data into 0.2 Ma long 
quanta of “unit time”, to generate a discrete ash layer data set of approximately the same 
temporal resolution as that of our dispersed ash record.  
At Site C0011 it appears that the dispersed ash MAR correlates best with 
“Thickest Layer” in Unit I (Figure 4.5). This relationship suggests that it is eruption 
volume, rather than the frequency of explosive eruptions, which drives the dispersed ash 
accumulation through this interval. Thick ash layers may result from a large eruption, a 
nearby eruption, or a combination of the two. Because Site C0011 is tectonically 
approaching the Honshu Arc through time, one would predict that thicker ash layers 
would be more prevalent in the younger (shallower) sections of the stratigraphy deposited 
as the site neared the arc (as is observed in the upper portion of Unit I at Site C0011).  
In contrast, in Unit I of Site C0012 the dispersed ash MAR is best correlated to 
the number of ash layers and not to either of the “thickness” indicators (Figure 4.5). Thus, 
the dispersed ash component in this unit at Site C0012 is likely controlled by the 
frequency of explosive eruptions rather than the size of the eruption. Given that the 
relationship between the thickness-related parameters and the dispersed ash component is 
not strongly observed in the younger discrete layer record, we conclude the dispersed ash 
is responding to overall volcanic activity rather than specific eruptive events. This may 
also reflect the more distal (eastward, further from the arc) location of Site C0012 
compared to Site C0011. Regardless, the combined records of dispersed ash and the ash 
layers are required to interpret the eruptive history recorded at this site. 
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Below the Unit I/II boundary at both sites the number of ash layers, as well as the 
thickness of the ash layers, decreases to virtually zero while the dispersed ash component 
remains high (Figure 4.5). This reflects that deeper in these records are time periods 
where the volcanism was reduced as a result of a cessation or change in angle of 
subduction of the Philippine Sea plate (Mahony et al., 2011) and the sites were influenced 
by turbidites (Units II, IV, and V), or were further away from eruptive fronts (Unit III) 
which may have resulted in either fewer and/or thinner layers that would be more 
susceptible to being mixed away (by bioturbation or otherwise). 
That the dispersed ash is high at times with so few ash layers clearly demonstrates 
that volcanic ash is a much greater contributor to the sedimentary sequence than is noted 
only by the ash layers. The presence of dispersed ash in a sequence without ash layers is 
also consistent with there being no larger, layer-generating, volcanic eruptions through 
this time. Indeed, semi-continuous small eruptions could have supplied the dispersed ash 
component to the bulk sediment (e.g., Peters et al., 2000), or other processes such as 
erosion from terrestrially-exposed ash deposits. The gap in the ash layer record speaks to 
the importance of studies of the dispersed ash component as together the layers and 
dispersed ash can present a more complete record of volcanism then either one alone.  
 
5.2. The Total Amount of Dispersed Ash; Mass Balance Comparisons 
In order to assess the mass-based importance of dispersed ash on the subduction 
sediment column, for each site we calculated the cumulative mass (g) of ash found in the 
ash layers in a 1 cm x 1 cm vertical column of sediment, and compared that to the 
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cumulative mass of dispersed ash in the same 1 cm2 vertical sediment column. For this 1 
cm2 column of sediment, these calculations are as follows: 
Mass (g) of discrete ash, per cm2 = 
Total thickness of ash layers (cm) x Average density of ash layers (g/cm3). 
And, 
Mass (g) of dispersed ash, per cm2 =  
(Total sediment thickness (cm) - Sum of discrete layer thicknesses (cm)) x DBD 
of the bulk sediment (g/cm3) x (Fraction of dispersed ash in bulk sediment, in 
units of wt. % / 100). 
For Site C0011, the total sediment thickness for which these calculations were 
performed was from the seafloor to the base of Hole C0011B, just below the Unit IV/V 
boundary (~878 m of sediment), and for Site C0012 the total thickness for which these 
calculations were performed was from the seafloor to the base of Unit V in Hole C0012A 
(528 m of sediment). 
At Site C0011, there is a total of 10.6 m of ash layers, and therefore the above 
calculations yield ~ 2,500 g/cm2 (that is, in the 1 x 1 cm sediment column) of ash 
contained in layers from 0-878 mbsf that is entering the subduction column, while the 
dispersed ash supplies an additional 38,000 ± 8,000 g/cm2. At Site C0012, there is a total 
of 5 m of ash layers, and therefore over the depth from 0-528 mbsf these ash layers 
provide ~1,200 g/cm2 to the bulk sediment and dispersed ash provides 30,000 ± 6000 
g/cm2. Therefore, the dispersed ash is contributing 15-25 times more than the ash layers, 
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indicating that this is a major reservoir of ash, previously unaccounted for, that is 
contributing to the geochemical budget. 
These large masses contributed by the dispersed ash component will have a 
significant effect on mass balance calculations for the sedimentary component of the 
material entering the Nankai subduction system. Thus, the contribution of ash to 
Subduction Factory discussions must be considered not only in the context of the 
individual ash layers but also in terms of the mass-based significance of the dispersed ash 
component. 
 
6. Implications of Large Amounts of Dispersed Volcanic Ash on Subduction Zone 
Processes  
Our combined geochemical and statistical technique is based on a suite of 
elements that are relatively immobile during diagenesis and alteration beneath the 
seafloor, and that can target variations in provenance due to their geochemical behavior. 
Here, and elsewhere (e.g., Scudder et al., 2009, 2014), we have shown that our approach 
generates internally and externally consistent results for quantifying the abundance and 
composition of different dispersed ash components of sediment.  
However, our approach cannot differentiate between altered and unaltered ash. 
While certain elements (e.g., alkalis) are significantly involved in the formation of 
diagenetic smectite (or other clay phases), we intentionally avoid those elements in our 
analytical and statistical treatments as they would compromise our ability to differentiate 
between, as but one example, detrital terrigenous material (e.g., eroded continental 
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material) and various ash sources. Therefore, where we identify dispersed ash as being in 
the bulk sediment, we cannot a priori differentiate whether at this point in time it is 
currently unaltered (“primary”) volcanic ash, or is instead the altered remains of 
dispersed ash that has retained its characteristic chemistry with regard to the refractory 
elemental suite of Al, Ti, Sc, Cr, Nb, La, and Th.  
We can explore this contrast, however, by comparing the sedimentological smear 
slide studies with the results from our geochemical and statistical modeling. At least in 
the qualitative sense, if we consider the dispersed ash that results from our modeling to be 
the “sum of altered and unaltered ash”, and the ash described in smear slides as “volcanic 
glass and volcanic lithics” to be the “unaltered fraction”, then by difference we can 
perhaps see changes in the trends of the altered dispersed ash (Figure 4.6). At Site C0011 
we observe that the sum of glass and lithics is variable, but high (~40% on average) in 
Unit I and the upper portion of Unit II, and that below ~400 mbsf the smear slide-based 
abundance decreases to an average of ~10% and remains low throughout Units III and 
IV. As described earlier, the abundance of dispersed ash component is ~36% of the bulk 
sediment and is fairly regular through all lithologic units with the exception of a marked 
peak from ~400-500 mbsf.  
We interpret these trends to indicate that in Unit I at Site C0011 the dispersed ash 
component is dominated by unaltered ash. At Site C0012, however, the volcanic glass 
and lithics are lower thoughout the entire sequence. In Unit I and the Upper portion of 
Unit II (to ~150 mbsf) the glass and lithic abundance is ~25%, and with high variability. 
The abundance and variability of the glass and lithic component is low (~15%) from 
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~150-400 mbsf in Unit IV then increases again to ~25% with more variability in the 
lower portion of Unit IV. The total dispersed ash abundance at this site is ~ 49% on 
average with a decrease from ~350-425 mbsf. These results suggest that Unit I of Site 
C0012 is comprised of a mix of altered and unaltered glass with slightly more altered 
glass in some portions of this uppermost unit. In Unit II at both sites the abundance of the 
altered component increases such that the lower portion of each site appears to be 
dominated by altered dispersed ash.  
The porewater chemistry has the potential to shed further light on ash alteration 
processes. Ash alteration reactions have the potential to influence the downcore 
distributions of interstitial water components and, indeed, shipboard interstitial water 
analyses from Expeditions 322 and 333 pointed toward the alteration of ash as a 
mechanism for various changes in the dissolved interstitial water chemistry (Saito, 
Underwood, Kubo, et al., 2010; Henry, Kanamatsu, Moe, et al., 2012). In particular, 
alkalis such as Mg and K commonly record uptake during alteration of basement or ash 
(e.g., Gieskes, 1975; Gieskes et al., 1990, and references therein). In a sedimentary 
sequence with little to no sedimentary ash, basement alteration characteristically leads to 
decreases in Mg and paired molar increases in Ca, reflecting the release of Ca and uptake 
of Mg during the formation of clay alteration products in the basaltic basement. This is 
reflected in the Ca profiles at Sites C0011 and C0012 (Figure 4.7) and because the 
basaltic crust is relatively young (~ 20 Ma; Okino et al., 1994), the basalt is likely still 
undergoing active alteration.  
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Most significantly, however, the Mg and K profiles at these sites, while indeed 
recording continual decreases with depth, reach their lowest (and near-zero) values well 
within the sediment column (Figure 4.7). At Site C0011, the curved decrease in Mg 
flattens to low values at ~ 350 mbsf (for K, at ~ 450 mbsf), while at Site C0012 the 
decrease in Mg flattens to low values at ~ 200 mbsf (for K, at ~ 250 mbsf). These depths 
of Mg and K reaching lowest values, and staying low for the remaining depths of the 
sequence, are much shallower than the Ca porewater maxima nearest the basement. Were 
Mg and K uptake being controlled solely by basement alteration, their profiles 
(particularly of Mg) should be the molar inverse of the Ca release and thus should 
continue to decrease to the basaltic basement itself (at ~1050 mbsf at Site C0011 and 
~538 mbsf at Site C0012). This suggests a large impact of the volcanic ash found within 
the sediment (both the layers as well as the dispersed ash) that is significantly influencing 
the distributions of dissolved Mg and K. That is, the ash alteration in the sediment 
column is consuming the dissolved Mg and K in addition to the deeper basement 
alteration. The significance of the different depths of Mg and K uptake and the molar 
stoichiometry of their removal (compared to the increase in Ca) will be explored further 
later. 
The decrease in the number and thickness of ash layers though Unit II (Figures 
4.5 and 4.6), is consistent with there being “diagenetic loss” of the visually apparent ash 
materials. This is interpretation is supported by several other sedimentological 
observations, such as an ash alteration front that occurs at the top of Subunit IB (~252 
mbsf) at Site C0011 (Henry, Kanamatsu, Moe, et al., 2012). Ash alteration was also 
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observed from ~91 mbsf to near the Subunit IB/IC boundary (~123 mbsf) at Site C0012 
(Henry, Kanamatsu, Moe, et al., 2012).  
 
7. Conclusions 
 There is a very high abundance of volcanic ash entering the Nankai Trough. 
Sedimentological smear slide analyses estimate that dispersed ash constitutes an average 
of ~25-30 wt.% through Units I and II at IODP Sites C0011 and C0012, and decreases to 
~7-15 wt.% on average in Unit III with wide uncertainties throughout the cores. These 
values (as well as those based on ash layers alone), while large, dramatically 
underestimate the total amount of total ash (dispersed ash and ash layers) entering the 
Nankai system.  
 Our geochemical and statistical approach indicates that the dispersed ash 
component at Site C0011 is 36 ± 8 wt. %, while the average sum of the dispersed ash at 
Site C0012 is 49 ± 10 wt. % of the bulk sediment. On a mass basis, the total amount of 
dispersed ash is 15-25 times that of the ash found in the discrete layers. At Site C0011, 
the dispersed ash supplies 38,000 ± 8,000 g/cm2 of material to the Nankai subduction 
system, whereas Site C0012 supplies 30,000 ± 6000 g/cm2. These values are enormous 
compared to the ~ 2500 g/cm2 and ~ 1200 g/cm2 of ash in the discrete ash layers at each 
site (respectively). 
 The dispersed ash arrives at the sites both by eolian (air fall) and hemipelagic 
(eroded from Japan or the Nankai accretionary prism) processes. Three aluminosilicate 
sources are identified at Site C0011 (PAAS, a representative rhyo-dacite, and HR), with 
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PAAS and HR compositions potentially being representative of eroded terrestrial 
material. HR is the main ash component throughout Site C0011 with a slight decrease in 
HR and increase in rhyo-dacite at the Unit II/III boundary (~480 mbsf). At Site C0012, 
the bulk sediment is best explained by mixing PAAS, dacitic ash layers, IBR, and IBA. 
IBR is the dominant dispersed ash component (26-44%) with roughly equal abundances 
of Dacite and IBA (0-32%). The HR component is fairly steady through Units I and II 
and decreases in abundance through Unit III (~220 – 332 mbsf) then remains steady in 
Unit IV whereas the dacite and IBA components exhibit a gradual increase in abundance 
beginning in Unit II.  
 The mass accumulation rate of dispersed ash at Site C0011 correlates best with 
“Thickest Layer” in Unit I indicating that eruption volume, rather than the frequency of 
explosive eruptions, drives the dispersed ash accumulation through this interval. In 
contrast, in Unit I of Site C0012, the dispersed ash MAR is best correlated to the number 
of ash layers rather than “thickness”. Below the Unit I/II boundary at both sites the 
number and thickness of ash layers vastly decreases while the dispersed ash component is 
remains high. The presence of dispersed ash in a sequence without ash layers is 
consistent with a lack of large or nearby volcanic eruptions, which would generate layers 
through this time. The alteration of volcanic ash, both dispersed and in discrete layers, is 
an important driver of diagenesis of marine sediments. Porewater records at Sites C0011 
and C0012 shows that ash alteration is an ongoing process at these sites. The decrease in 
the number and thickness of ash layers at both sites is consistent with a reduction in the 
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visually apparent ash materials driven by diagenesis. Together, the discrete layer and 
dispersed ash provides a more complete record than any one alone.  
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Figure 4.1. Locations and backtrack paths for IODP Sites C0011 and C0012. Backtrack 
paths are shown for 20 Ma for each site. Tick marks represent 2 Ma increments. Paths 
generated from GPlates (Gurnis et al., 2012).  	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Figure 4.2. Lithologic columns for Sites C0011 and C0012 based on results from 
Expeditions 322 and 333. From Henry, Kanamatsu, Moe, et al. (2012). 
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Figure 4.3. Summary of sedimentological smear slide data representing clay and ash 
components. Left. Site C0011. Right. Site C0012. Data from Saito, Underwood, Kubo, et 
al. (2010) and Henry, Kanamatsu, Moe, et al. (2012). 
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Figure 4.4. Abundance (weight %) of sources identified by constrained least squares 
multiple linear regressions (CLS). Left. Site C0011. Right. Site C0012. 
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Figure 4.5. The accumulation rate of total dispersed ash (grey shaded line, g/cm2/ky, the 
same in each panel by site) plotted against parameters associated with the sedimentation 
of discrete ash layers per 0.2 Ma (black line, parameters are different in each panel as 
shown in the bottom x-axis labels). A moving 0.2 Ma window was chosen to bin each 
discrete ash layer parameter to approximate the resolution of the modeled dispersed ash 
record. Top. Site C0011. Bottom. Site C0012. 
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Figure 4.6. Abundance (weight %) of the total dispersed ash (the sum of all dispersed ash 
components per site) plotted with unaltered volcanic components (the sum of volcanic 
glass and volcanic lithics from sedimentological smear slide analysis). Left. Site C0011. 
Right. Site C0012. 
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Figure 4.7. Comparison of dispersed ash abundance (weight %) with porewater profiles 
of dissolved Mg (left), K (center), and Ca (right), all in units of mM. Top. Site C0011. 
Bottom. Site C0012. Porewater data from Saito, Underwood, Kubo, et al. (2010) and 
Henry, Kanamatsu, Moe, et al. (2012). 
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Supporting Information for 
The Importance of Dispersed Volcanic Ash as an Input to the Nankai Subduction 
Zone 
 
Table 4.S1A: Chemical concentration data for Site C0011. "mbsf" is "meters below 
seafloor". "Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table 4.S1B: Chemical concentration data for Site C0012. "mbsf" is "meters below 
seafloor". "Wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table 4.S2A: Chemical composition of glass separated from ash layers at Site C0011 as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "Wt. %" is 
"weight percent". Data are overspecified for calculation purposes. 
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Table 4.S2B: Chemical composition of glass separated from ash layers at Site C0012 as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "Wt. %" is 
"weight percent". Data are overspecified for calculation purposes. 
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Table 4.S3A: Chemical composition of glass separated from ash layers at Site C0011 as 
determined by laser ablation ICP-MS. "mbsf" is "meters below seafloor”. 
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Table 4.S3B: Chemical composition of glass separated from ash layers at Site C0012 as 
determined by laser ablation ICP-MS. “mbsf" is "meters below seafloor". "ppm" is "parts 
per million". Data are overspecified for calculation purposes. 
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Table 4.S4: Compositions of end members used in Total Inversion statistical modeling. 
"ppm" means "parts per million".  
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Table 4.S5: QFA generated end-members. As per the discussion in Pisias et al. (2013), 
these compositions are not necessarily accurate, but are useful for illustrative purposes. 
Output is overspecified in terms of significant figures in order to facilitate comparison. 
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Table 4.S6A: Final modeled end member contributions, Site C0011, and calculated mass 
accumulation rates of these individual contributions. "mbsf" means "meters below 
seafloor", "DBD" means "Dry Bulk Density", "MAR" means "Mass Accumulation Rate". 
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Table 4.S6B: Final modeled end member contributions, Site C0012, and calculated mass 
accumulation rates of these individual contributions. "mbsf" means "meters below 
seafloor", "DBD" means "Dry Bulk Density", "MAR" means "Mass Accumulation Rate". 
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  CHAPTER 5 
Multivariate Statistical Analysis and Partitioning of Sedimentary Geochemical Data 
Sets: General Principles and Specific MATLAB Scripts 
Abstract 
Multivariate statistical treatments of large datasets in sedimentary geochemical 
and other fields are rapidly becoming more popular as analytical and computational 
capabilities expand. Because geochemical datasets present a unique set of conditions 
(e.g., the closed array), application of generic off-the-shelf applications is not 
straightforward and can yield misleading results. We present here annotated MATLAB 
scripts (and specific guidelines for their use) for Q-mode factor analysis, a constrained 
least squares multiple linear regression technique, and a total inversion protocol, that are 
based on the well-known approaches taken by Dymond [1981], Leinen and Pisias [1984], 
Kyte et al. [1993], and their predecessors. Although these techniques have been used by 
investigators for the past decades, their application has been neither consistent nor 
transparent, as their code has remained in-house or in formats not commonly used by 
many of today’s researchers (e.g., Fortran]. In addition to providing the annotated scripts 
and instructions for use, we discuss general principles to be considered when performing 
multivariate statistical treatments of large geochemical datasets, provide a brief 
contextual history of each approach, explain their similarities and differences, and 
include a sample data set for the user to test their own manipulation of the scripts.  
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1. Introduction 
Concentrations and fluxes of chemical species in and to marine sediment historically 
have been shown to provide important constraints on a variety of geologic, tectonic, and 
paleoceanographic processes [e.g., Goldberg and Arrhenius, 1958; Chester, 2000; Burdige, 
2006; Schulz and Zabel, 2006; and many others]. In particular, the distributions of major, 
trace, and rare earth elements in sediment, sedimentary rocks, settling particles, and 
atmospheric dust can be used to discern spatial and temporal patterns at many different 
scales and environments, including hydrothermal regions of mid-ocean ridges [e.g., 
Dymond, 1981; Dekov et al., 2010], pelagic records of biological export production [e.g., 
Pedersen, 1983; Paytan et al., 1996; Murray et al., 2000], dust and volcanic ash [e.g., Rea, 
1994; Scudder et al., 2009; Muhs, 2013]; and continental margins [Taylor and McLennan, 
1985; Sholkovitz, 1988]. Overall, it is important to understand the concentration in and 
fluxes to deep-sea sediment in order to define key aspects of geochemical cycling and to 
evaluate changes in such cycles through time.  
The introduction to sedimentary chemistry of so-called “rapid” analytical techniques 
for the analysis of major, trace, and rare earth elements gained momentum in the late 1960’s 
[e.g., Potts, 1987] and has continued to the present day. Early applications of instrumental 
neutron activation analysis (INAA), and x-ray fluorescence (XRF), followed by flame- and 
graphite furnace atomic absorption (AA), led to the modern and widespread use of 
inductively coupled plasma emission spectrometry and mass spectrometry (ICP-ES and 
ICP-MS) techniques. Whereas publications forty years ago commonly focused on a few 
chemical elements, it is not unusual for research contributions in the new millenium to 
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include data on 30 or more elements, including full suites of rare earth elements, and often 
complemented by an array of radiogenic- or stable isotopes.  
The arrival of the digital age to all fields of geochemistry has stimulated the 
development of databases such as PetDB, NavDat, SedDB, and others, which can be 
accessed through central portals (e.g., www.earthchem.org) that have fundamentally 
changed the means by which both high- and low-T geochemistry is practiced. These 
databases are very powerful and allow easy compilation and comparison of data between 
heretofore disparate locations, ages, datasets, and publications, and further lead to the 
generation of new data visualization techniques [e.g., Yamagishi et al., 2011].  
The paired increase in analytical capabilities and the development of large databases 
has led to a corresponding rise in the need to implement a consistent set of statistical 
treatments to best utilize these large and high quality data sets. The breadth of these growing 
databases highlights the need for a consistent means by which their extensive data holdings 
can be accurately and consistently analyzed statistically. Commercially available software 
packages often offer multivariate modules of, for example, factor analysis and multiple 
linear regression, but these generic approaches commonly are not optimized for 
geochemical use (e.g., to deal with the closed array, and that all end members must have 
positive concentrations). Moreover, the codes to these treatments are often not readily 
available, either for proprietary reasons or otherwise, and thus the disciplined user has no 
way of moving beyond the “black box” application approach, causing a certain amount of 
information to be lost. 
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2. Factor Analysis, Multiple Linear Regression, and Total Inversion 
To this end, we here provide three annotated MATLAB scripts that address Q-mode 
Factor Analysis, Constrained Least Squares multiple linear regression, and Total Inversion 
modeling. These statistical treatments are optimized for use in sedimentary geochemistry 
but can also be used by other geochemical communities. As detailed below, these 
approaches have been used successfully for the past 20-30 years [e.g., Leinen and Pisias, 
1984; Leinen, 1987; Knoop and Owen, 1991; McMurtry et al., 1991; Zhou and Kyte, 1992; 
Kyte et al., 1993], including a relatively recent series of papers used by members of our 
research group for sediments in a variety of locations, including the equatorial Pacific 
Ocean, Cariaco Basin, Arctic Ocean, and the northwest Pacific Ocean [Ziegler and Murray, 
2007; Ziegler et al., 2007, 2008; Martinez et al., 2009, 2010; Scudder et al., 2009]. While 
other multivariate techniques are also useful for other approaches [e.g., mineralogy, 
Andrews and Eberl, 2012; general similarity analysis, Borchardt, 1974; principal 
components analysis, Vermeesch, 2013], for specific identification of geochemical sources 
and their respective contributions these Q-mode factor analysis, constrained least squares 
multiple linear regression, and total inversion techniques have proven robust over the years. 
As noted by Leinen and Pisias [1984], there are three steps to evaluating the role of 
deep sea sedimentation in geochemical cycles within a given sample array: (1) 
Determination of the number of different components that are responsible for the data set 
being studied, (2) Identification of the composition of these different sources, and (3) The 
quantification of the abundances of each of these components in each sample of the data set 
being studied. These steps collectively are referred to as “partitioning” (Leinen and Pisias, 
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1984]. These statistical methods thus look at the structure of multivariate data sets, and 
attempts to answer important questions such as, “How are different variables correlated?” 
and, “How are samples from different locations and times related?”. By making these 
determinations of correlations and relationships, we can then learn about the geological and 
oceanographic processes that produce the data set. 
We have several goals with this paper. First, we hope to provide some uniformity to 
the statistical treatment of large sedimentary geochemical data sets, which will allow for 
improved inter-study comparison. Second, we aim to provide increased transparency to the 
application of multivariate statistics, as users will have access to the fundamental codes and 
equations governing the statistical application. Third, we hope that this contribution perhaps 
stimulates further improvements in these and other statistical applications, and ideally these 
further improvements would also continue to be transparent and readily available. Fourth, 
we hope that we are able to provide a ready statistical platform to assist other geochemical 
users in working with their increasingly large and high quality data sets. 
 
3. Application of MATLAB Scripts 
3.1. Overview 
We here provide three MATLAB scripts that can be used to partition a multivariate 
geochemical data set. These methods have been applied to other multivariate data sets as 
well, including microfossil data sets of species relative abundances where the number of 
species may range from 10 to 100 [e.g., Imbrie and Kipp, 1971; Pisias and Mix, 1997]. We 
provide a general overview of each of the three statistical procedures, including (a) Q-Mode 
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Factor Analysis, (b) Constrained Least Squares multiple linear regression, and (c) Total 
Inversion. In the suite of Appendices we provide the main MATLAB script for each, as well 
as any other scripts necessary to run the main script, and the mathematical underpinnings are 
amply described in publications listed in the references. The main MATLAB script for each 
also gives specific user instructions, including screen shots showing which (and how) key 
data files must be provided, as well as how to interpret the output. 
Due to the unique nature of individual data sets (e.g., the number of samples and 
elements analyzed) we recognize the need to impose constraints on the treatment of 
multivariate statistics [e.g., Reimann et al., 2002]. We recommend performing a simple 
study of concentrations, elemental ratios, normative calculations, r2 matrices, x-y 
diagrams, and other well-established approaches when incorporating multivariate 
techniques into an interpretive strategy. Doing so will allow comparison with lithologic 
descriptions and mineralogy, define the boundaries for mass balance and, in general, 
familiarize the user with the fundamental underpinnings of each data set. Furthermore, 
multiple runs of each statistical treatment with slight variations of the input terms are 
essential to assess the sensitivity of the statistical methods. Reimann et al. [2002] provide 
a superb discussion of these and other issues relevant to the application of multivariate 
statistical techniques to geochemical datasets. In the proper context, multivariate 
techniques such as those we discuss here can provide additional powerful information for 
geochemistry. 
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3.2. Q-Mode Factor Analysis 
 The first script performs what is known as Q-mode factor analysis [e.g., Imbrie and 
van Andel, 1964; Klovan and Imbrie, 1971; Imbrie and Kipp, 1971; Miesch, 1976; Leinen 
and Pisias, 1984]. Factor analysis and Principal Component Analysis (PCA) and are two 
related methods for identifying relationships between variables in large sets of data. 
Although both are used in geosciences, one important difference between the two 
methods is that factor analysis is based on the correlation structure of the variables while 
PCA accounts for the maximum variance of all the variables. Thus, PCA will by 
definition force all variables into the result while factor analysis generates unique groups 
(or “factors”), each of which behaves differently from the other factors. Therefore, factor 
analysis does not require all variables to be found in the most common factors [Reimann 
et al., 2002; Ortiz, 2011], which is a more useful characteristic for geochemical 
applications. 
 There are two main types of factor analysis, R-mode and Q-mode. Q-mode is 
more appropriate for geochemical (and many other) applications and thus is used here. R-
mode factor analysis is variable based, that is, the objective is to simplify a matrix of 
variables by forming a smaller number of composite variables that are linear 
combinations of the original variables. R-mode therefore explains the maximum amount 
of variance in a dataset, which is useful for measuring one variable at multiple temporal 
points. Q-mode, on the other hand, is sample based, that is, the objective is to simplify a 
large matrix of variables measured on many samples. This method is particularly useful 
for cases when there are many variables measured at multiple spatial or temporal points 
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[Miesch, 1976]. Q-mode factor analysis is preferred for applications in geochemical 
paleoceanography or other geochemical studies [e.g., Reimann et al., 2002] because of 
the underlying hypothesis of these types of geochemical studies, namely, that the 
geochemical data set represents a mixture of different and distinct chemical sources. One 
of its challenges is that factor score matrices can contain negative values, which is 
unrealistic when dealing with chemical compositions. A “varimax” rotation can eliminate 
the problem of the negative values by rotating the principal component axis so that the 
variability of the data set is orthogonal, but at its maximum. By performing this rotation 
the end-member axes are rotated to be closer to real sample compositions [e.g., Leinen 
and Pisias, 1984]. Overall, Q-mode factor analysis, combined with the “varimax” 
rotations, results in a description of the data set as being samples composed of positive 
contributions of a number of geometrically orthogonal factors that provide a close 
approximation of the hypothesized mixtures. 
 The script provided here includes extensions of the Q-mode factor analysis of 
Klovan and Miesch [1976] and Klovan [1981]. Q-mode factor analysis is used to first 
simplify the multivariate data sets by describing it with a smaller set of components 
(sometimes called end-members) that, when identified and mapped, can be used to look at 
processes that ultimately produce the observed data. Although Q-mode factor analysis is 
usually over-determined because the number of samples is much greater than the number of 
variables or factors, it helps address the first step in partitioning by providing an estimate of 
the number of different components that are contained in the observed data set. 
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With the extensions to the original Q-mode factor analysis of Klovan and Miesch 
[1976] and Klovan [1981], this technique further provides estimates for the second and 
third steps of partitioning, namely, estimation of the composition of the end-members and 
of the abundance of each end-member in each sample. However, because of the 
constraint in Q-mode factor analysis that the end-members are algebraically orthogonal 
(their vector dot products are zero), the compositions of Q-mode end-members 
commonly contain negative compositions, as described above. Obviously, this is not 
acceptable for geochemistry. A number of studies have provided strategies to adjust Q-
mode end-members to address the problem posed by the orthogonality constraint [e.g. 
Full et al., 1981; Leinen and Pisias, 1984], and the MATLAB script provided here also 
includes this in its calculations. 
 
3.3. Constrained Least Squares (CLS) multiple linear regression 
The second script partitions samples in terms of a specified set of end-member 
components. Unlike the Q-mode factor analysis, this script requires the user to specify 
the number of components contained in each sample and the exact composition of each of 
these end-members. In practice, the information gained from the Q-mode factor analysis 
(e.g., determination of the number of end-members that can be used to describe the data 
set, and the approximate composition of these end members), can be used as a starting 
point for the constrained least squares (CLS) statistical treatments. 
This MATLAB script is based on the approach used by Dymond [1981], who 
solved the partitioning problem using linear programming techniques [e.g., Hadley, 1962] 
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to estimate the abundance of five end-members in surface sediment from the Nazca Plate 
in the Southeast Pacific. Because all equations were linear, the model fit was based on 
minimizing the sum of the absolute values of the model residuals. The MATLAB script 
presented here utilizes a constrained least squares (CLS) linear model whereby the 
contribution from each end-member is constrained to be greater than or equal to zero 
while minimizing the sum of squares of the residuals. Much of this CLS theory can be 
found in Rencher [2002]. Where the Q-mode factor analysis programs generate estimates 
of end member compositions, this script requires that the end members be specified. Such 
specification can be determined by the user from data gathered from the literature, and/or 
from the results of the Q-mode factor analysis. 
Given the composition of the end members, constrained least squares techniques 
are used to calculate the abundance of each end member in each sample. In general, the 
number of elements analyzed in each sample is greater than the number of end members 
and thus the set of linear equations is underdetermined. Because we wish to solve these 
equations with the constraint that the contributions of each end member in each sample is 
greater than or equal to zero, the equations are solved using a constrained least squares 
approach. Traditional linear regression techniques, such as many commonly available in 
commercially available software packages, focus on minimizing the sum of squares of 
the residuals, and thus are less advisable because the positivity constraint on the 
contribution is not satisfied.  
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3.4. Total Inversion 
This final script is based on the FORTRAN code of Zhou and Kyte [1992] and 
Kyte et al. [1993] and partitions using the "total nonlinear inversion techniques" outlined 
by Tarantola and Vallette [1982]. Unlike the previous CLS scripts, which assumes that 
the composition of end-members is fixed precisely, the total inversion script partitions the 
data set while allowing the composition of each end-member to vary slightly to maximize 
the partitioning fit of any one sample. Such variation in end member concentrations is 
more geochemically realistic from several perspectives. First, the actual end member may 
differ slightly from published values (e.g., from a nearby volcano), and, second, there 
may be slight variation(s) in composition with time. From the complete partitioning run, 
the program calculates the same set of fit statistics as CLS as well as the mean and 
standard deviation of the end-member compositions. 
 
4. Description and Use of the Scripts 
In the supplemental material we provide four Appendices, each organized around 
a central theme, and each consisting of all the files a user will need to perform the 
statistical analyses. Appendix 5.1 consists of three files. These files, respectively, provide 
sample data sets needed to perform the Q-mode Factor Analysis, Constrained Least 
Squares, and Total Inversion statistical methods. Appendix 5.1a is the well-known 
surface chemistry data of Dymond [1981]. Three hundred and twenty seven surface 
sediment samples from the Nazca Plate of the southeast Pacific Ocean were analyzed for 
eight elements (Al, Si, Mn, Fe, Cu, Ni, Zn, and Ba). Data is reported in ppm on a 
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carbonate-free basis [Dymond, 1981]. These sediment samples can be described as a 
combination of five sediment end-members: terrigenous, biogenic, hydrothermal, 
authogenic, and a dissolution residue. The compositions of these end-members are found 
in Appendix 5.1b, and the variances in the Dymond [1981] data are in Appendix 5.1c.  
Appendices 5.2, 5.3, and 5.4 are organized around the three multivariate statistical 
treatments. Within each type of analysis (e.g., Q-mode Factor Analysis, in Appendix 5.2), 
there is a key file called "Appendix 5.2a – Users Guide". This file is essentially a manual 
complete with instructions for use of the MATLAB code, screen shots of important steps, 
and tips for ease of use of the code and data. Parallel files are in Appendices 5.3 and 5.4, 
respectively, for CLS and TI. Additionally, Appendices 5.2-5.4 contain separate files for 
the individual MATLAB scripts needed to perform each statistical treatment. In 
Appendices 5.2, 5.3, and 5.4 we also provide example output for Factor Analysis, CLS, 
and TI using the Nazca Plate data set.  
All files are formatted for easy copy-and-paste input into MATLAB. The scripts 
were tested on MATLAB version 7.10.0.499 (R2010a) at Boston University from 
October, 2012, to May, 2013. 
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Appendices for  
Multivariate Statistical Analysis and Partitioning of Sedimentary Geochemical Data 
Sets: General Principles and Specific MATLAB Scripts 
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Appendix 5.1a. Geochemical compositions of Nazca plate surface sediment 
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Appendix 5.1b. Geochemical compositions of end members 
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Appendix 5.1c. Example Variances for Total Inversion 
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Appendix 5.2a - Annotated User Guide for Q-mode Factor Analysis Scripts 
 
This appendix explains the use of the Q-mode factor analysis MATLAB code described 
in the main text. In order to perform Q-mode factor analysis in MATLAB, the following 
scripts must be placed in the working directory (all files are formatted for easy copy-and-
paste input into MATLAB): 
- bmatrixprint.m  - compositionscores2m.m 
- fmatrixprint.m  - gmatrixprint.m 
- nodosgoodns.m  - positiverot.m 
- qmode2.m   - qmodemain2m.m 
- transform2m.m  - varimax.m 
 
There are three main parts of the factor analysis output: The factor scores (the weight of 
each element on the discrimination of a single factor), compositional factor scores (the 
elemental composition of each factor), and factor loadings (the contribution of each 
factor to a single sample).  
 
Below is a step-by-step outline of how to perform Q-mode factor analysis: 
1) Create data input file (example provided below) 
• In an Excel worksheet create a data file containing sample numbers 
followed by the concentration data from the samples. Do not label these 
columns. 
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• In order to input the data into MATLAB, copy and paste this data file into 
a MATLAB (*.m), file in the MATLAB working directory. When naming 
this file it is useful to denote that it is the input file (e.g., 
“nazca_FA_input.m”).  
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2) Create a label file 
• In an Excel worksheet list transposed labels (element symbols only) for 
the columns of the input file described above. That is, create a vertical list 
of the column headings of the elements (not the ages or depths in column 
1). An example label file is shown below. In order for the code to run 
properly the labels must all be the same length (i.e., the abbreviation for 
boron [B] is shorter than that for aluminum [Al]), if you have a one letter 
element name adding a space or a ‘.’ is advised. 
• Save this label file as a MATLAB (*.m) file in the MATLAB working 
directory, noting in the title that this is the variable labels (e.g., 
“nazca_FA_labels.m”). 
 
 
 
3) Open MATLAB 
• Open the correct working directory. This should contain all the necessary 
factor analysis scripts (listed above) as well as the data and label files. 
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• At the command prompt, type qmodemain2m (without the .m extension) 
• Follow onscreen instructions to read in files. Make sure that each file 
entered contains the .m extension. 
• When prompted, enter an alpha value from 1-99. The alpha value is the 
minimum variance of the dataset that the user would like explained by the 
subsequent factors (e.g., an alpha level of 95 will give the number of 
factors that explain at least 95% of the variance of the dataset).  
• At the next prompt choose the data pretreatment. The pretreatments are 
used to scale the data in order to ensure that the differences between the 
magnitudes of the variables (e.g., between major and trace elemental 
concentrations) do not bias the results. The five scaling options are: none, 
constant mean, percent of maximum, percent of range, and log. It is up to 
the user as to which scaling is preferred, and we suggest that different 
approaches be tested for each dataset. It is important to note, however, that 
the pretreatment chosen may contribute to negative factor loadings as 
discussed in the main text of this paper. 
• At this point, the script runs through a normalization and principal 
component analysis and calculates an initial number of factors found 
before allowing the user to specify how many of those factors to keep. 
Once you have chosen the number of factors, a varimax rotation will be 
performed on the data.  
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When choosing the number of factors to use we suggest the user at first pick a number of 
factors that is known to be too large (e.g., ten) to help learn about the dataset. The code 
can be re-run successively reducing the number of factors (e.g., eventually down to 3, 4, 
or 5, depending on the project) until the last factor is small yet still statistically relevant. 
This will allow the user to observe how the data associated with the larger number of 
factors get redistributed when reducing the number of factors. We define “statistical 
relevancy” in this context as being approximately equal to the typical analytical precision 
of the dataset (e.g., 5%, to be worst-case conservative). 
 
When the script has finished running it will plot the varimax factor scores for each of the 
factors (see below). This plot can be helpful in determining the number of factors. 
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4) Working with the output file 
• Once the MATLAB calculation is complete (a new prompt will appear), 
open the output file and copy the contents. Paste the output into an Excel 
worksheet, select column A in Excel and in the data menu select “text to 
column” select “Delimited,” then “Space.” 
• After the data has been converted, the user can access the factor loadings, 
factor scores, and compositional factor scores matrices as well as the 
percent of the information explained by each factor, (pre- and post- 
varimax rotation). 
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Appendix 5.2b. Example Q-mode Factor Analysis Output 
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Appendix 5.2c. - Code for qmodemain2m.m 
 
% qmodemain2m reads in multivariate data set and calculates a qmode factor analysis.  
% Assumes first column of data set is sample number 
% Last Revisions May 2005.  Following items changed: 
%   1.  better labeling of matricies in functions fmatrixprint and bmatrixprint. 
%   2.  added variable names to label plots and output files. 
%   3.  checked B matrix to see if it's all (or nearly all) zeros and multiples the B vector  
% by -1 and the T varimax transformation matrix column by -1 as well. 
%   4. This code has been slightly modified from the original qmodemain2 of Pisias.  
% The modifications include:  
% (a) range transformation is included 
% (b) Pisias extra rotation to obtain positive Factor  composition scores is also included. 
% Modifications made by Nahysa Martinez (Boston University) August 2005. 
% 
 
clear; 
%lpfid = 1; 
 lp_file = input('Enter file name for saving output: ','s'); 
disp(' '); 
lpfid = fopen(lp_file,'w'); 
runlabel = input('Enter title: ','s'); 
runlabel = ['QMODE ' runlabel ' ' datestr(now,0)]; 
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fprintf(lpfid,[runlabel '\n']); 
% loads nazca plate surface sediment chemical composition data 
fid = -1; 
while fid == -1 
    disp(' '); 
    infile = input('Enter file name of input data: ','s'); 
    [fid,message]=fopen(infile,'r'); 
end 
fclose(fid); 
X1 = load (infile); 
nv = size(X1,2); 
X = X1(:,[2:nv]); 
[N nv] = size(X); 
numvar = [1: 1: nv]'; 
sampnums = X1(:,1); 
fid = -1; 
while fid == -1 
     disp(' '); 
    labelfile = input('Enter file name with variable labels: ','s'); 
    [fid,message]=fopen(labelfile,'r'); 
end 
for i = 1: nv 
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    variable(i).names = fscanf(fid,'%s',1); 
end  
  
%variable(10).names ='Ba'; 
% calculate means and variances and output 
%X = X ./ 1000.; 
xmean = mean(X)'; 
xvar = var(X)'; 
format = '%7i %20.4f %20.4f \n'; 
fprintf(lpfid,'Var. Num.     Variable Name    Means             Variance \n'); 
for j = 1: nv 
    Sout = sprintf('%7i',numvar(j)); 
    Sout = [Sout ' ',sprintf('       %s',variable(j).names)]; 
    Sout = [Sout ' ',sprintf('%20.4f %20.4f \n',xmean(j),xvar(j))]; 
    fprintf(lpfid,'%s',Sout); 
end 
 
% get input parameters  If needed, scale data 
%alpha = 100; 
disp(' '); 
alpha = input('alpha level, e.g. 95: '); 
disp(' '); 
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disp('Enter 0 for No Pretreatment, 1 for Constant Mean,'); 
mode  = input( '2 for percent max,3 for range, and 4 for log: '); 
if mode > 4 | mode < 0 
    mode = 0 
end 
vectorlengths = sqrt(diag(X * X')); 
  
% transform data 
 [x, Xmin, Xmax, Ks, Kbar, constant] = transform2m(X,mode,lpfid); 
  
% data now in and scaled to constant mean of 100 if needed. 
% go to qmode subroutine 
 [U,B,F,scF,Lambda,Pervar,Cumvar,count] = qmode2(x,alpha); 
Lambda = diag(Lambda); 
  
%  factor analysis completed.  Results are in B and F. 
% output initial results 
 fprintf(lpfid,'\n'); 
nout = size(F,2); 
nvcount =[1: 1:count]; 
fprintf(lpfid,'           Eigen Values  Per. Infor.    Accumulative Information \n'); 
fprintf(lpfid,'%10i %10.4f  %10.4f  %10.4f \n',[nvcount' Lambda(1:count) 
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Pervar(1:count) Cumvar(1:count)]'); 
fprintf(lpfid,'\n'); 
fmatrixprint(lpfid,'Principal Factor Scores Matrix',F,variable); 
%output completed 
 
% get number of factors wanted in analysis 
message = ['Count = ', num2str(count)]; 
disp(message); 
Pervar(1:count) 
count  = input('Enter NO. of Factors to keep: '); 
B = B(:,1:count); 
comm = diag(B*B'); 
Info = diag(B'*B); 
PerInfo = Info * 100/N; 
CumInfo = cumsum(PerInfo); 
  
% now ouput factor loadings 
 bmatrixprint(lpfid,'Principal Factor Loadings Matrix', [sampnums comm B]); 
format = ''; 
for j = 1: count 
 format = [format,'%8.4f ']; 
end 
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format = [format,'\n']; 
fprintf(lpfid,['Percent Information         ' format],[PerInfo(1:count)']); 
fprintf(lpfid,['Cumulative Info.            ' format],[CumInfo(1:count)']); 
fprintf(lpfid,'\n'); 
  
% now output results. 
%  Now we have printed the B - Loadings matrix now 
% do factor rotations using varimax 
 [CFS, scalefactors] = compositionscores2m(F, Kbar, Xmax, Xmin); 
scalefactors = scalefactors(1:count); 
CFS = CFS(:, 1:count); 
fmatrixprint(lpfid,'Factor Composition Scores ',CFS,variable); 
goodness = nodosgoodns(X,B,CFS,scalefactors,Xmax,Xmin,Ks, 
Kbar,vectorlengths,lpfid,variable); 
   
[B, T] = varimax(count,B); 
comm = diag(B*B'); 
Info = diag(B'*B); 
PerInfo = Info * 100/N; 
CumInfo = cumsum(PerInfo); 
  
% need to see if we need to multiply a factor by -1 because B's are all <0 
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% We can then adjust the T matrix (we might want this later) so that the L 
% matrix is correct sign. 
 for j = 1: count 
    positives = find(B(:,j)>0); 
    if size(positives,1) < N/2 
        B(:,j) = -B(:,j); 
        T(:,j) = -T(:,j); 
    end 
end 
    
F = F(:,1:count); 
L = F*T; 
  
bmatrixprint(lpfid,'Varimax Factor Loadings Matrix',[sampnums comm B ]); 
fprintf(lpfid,['Percent Information         ' format],[PerInfo(1:count)']); 
fprintf(lpfid,['Cumulative Info.            ' format],[CumInfo(1:count)']); 
fprintf(lpfid,'\n'); 
  
% calculate Varimax Factor Scores using T matrix and output 
 fmatrixprint(lpfid,'VARIMAX Factor Scores Matrix ',L,variable); 
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% Scale the factor scores. 
 scale = ones(nv,1) * (ones(count,1) .* sqrt(nv))'; 
LS = L .* scale; 
fmatrixprint(lpfid,'VARIMAX Scaled Factor Scores Matrix ',LS,variable); 
[CFS, scalefactors] = compositionscores2m(L,Kbar,Xmax,Xmin); 
fmatrixprint(lpfid,'VARIMAX Factor Composition Scores ',CFS,variable); 
  
% Do the extra rotation to get scores in a positive space using Leinen & Pisias, (1984). 
[ERCS]=positiverot(X,CFS); 
fmatrixprint(lpfid,'Final Factor Composition Scores ',ERCS,variable); 
fclose(lpfid); 
  
% plot data 
xtic = []; 
for i = 1: nv 
    xtic = [xtic;variable(i).names]; 
end 
figure (1) 
xcount = [1: 1: nv]'; 
for i = 1:count 
  subplot(2,4,i) 
  bar(xcount,(L(:,i)),'r') 
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  h = gca; 
  %get(h) 
  set(h,'XTick',numvar); 
  set(h,'XLim',[0 numvar(nv)]); 
  set(h,'XTickLabel',xtic); 
  if i == 1 | i == 5 
    ylabel('Scores') 
  else 
    ylabel('') 
  end 
  h =title(['Factor ',num2str(i)]); 
  set (h,'FontSize',12); 
end 
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Appendix 5.2d. - Code for function transform2m.m	  
 
%  Routine used by qmodemain2m to scale data to constant means, percent range or  
% range transformation. 
% Slightly modified from original code by N.G. Pisias to include the range  
% transformation (Nahysa Martinez August 2005). 
 
function [x, xmin, xmax, ks, kbar, constant] = transform2m(X,transformtype,lpfid); 
 
% calculate ks and kbar first 
ks = sum(X,2); 
kbar = mean(ks); 
xmin = min(X,[],1); 
xmax = max(X,[],1); 
xrange = xmax - xmin; 
[n m] = size(X); 
% n samples and m variables 
if transformtype == 0 
   fprintf(lpfid,'No pretreatement requested \n'); 
   constant = kbar; 
   xmax = ones(1,m); 
   xmin = zeros(1,m); 
   x = X; 
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  elseif transformtype == 1 
   scale = ones(n,1) * (ones(1,m).*100 ./(mean(X))); 
   x = X .* scale; 
   constant = 100 * m; 
   xmax = mean(X) / 100.; 
   xmin = zeros(1,m); 
    
   fprintf(lpfid,'Constant Percent Transform \n'); 
elseif transformtype == 2 
   scale = ones(n,1) * (ones(1,m)./xmax); 
   x = X .* scale; 
   constant = kbar; 
   xmin = zeros(1,m); 
    
   fprintf(lpfid,'Percent Maximum Transform \n'); 
elseif transformtype == 3 
   scale = X -(ones(n,1)* xmin); 
   x = scale./(ones(n,1)* xrange); 
   fprintf(lpfid,'Range Transformed \n'); 
   xmax = xrange; 
   kbar = kbar - sum(xmin); 
   xmin = min(X,[],1); 
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   constant = kbar; 
   elseif transformtype == 4 
   x = log(X + ones(n,m)); 
   fprintf(lpfid,'Log (X+1) Transformed \n'); 
   ks = sum(x,2); 
   kbar = mean(ks); 
   constant = kbar; 
   xmax = ones(1,m); 
   xmin = zeros(1,m); 
   
end 
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Appendix 5.2e. - Code for function qmode2.m 
 
% Performs the Qmode Factor Analysis calculations where: 
% X = input matrix 
% B = Factor loading matrix 
% F = Factor scores matrix 
% scF = Factor scores matrix normalized to sqrt(p) 
 
function [U,B,F,scF,Lambda,Pervar,Cumvar,count] = qmode2(X,alpha) 
  
disp ('Qmode using the psuedo-cosine theta matrix') 
[n,p]= size(X); 
  
U = X./(sqrt(diag(X*X')*ones(1,p))); 
  
% COSINE THETA MATRIX; EIGENVECTORS   
%Here we use the psuedo-cosine theta matrix 
Ss = U'*U; 
TV=trace(Ss); 
[Q,Lambda]=eig(Ss); 
sortvector = zeros(p); 
eigenvalues = diag(Lambda); 
[eigenvalues,sortvector] = sort(eigenvalues); 
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for i = 1: p 
   Lambda(i,i) = eigenvalues(p+1-i); 
   Eigenvectors (:,i) = Q(:,sortvector(p+1-i)); 
end 
Q = Eigenvectors;   % eigenvectors in V are columns and sorted by eigenvalues 
  
%Lambda=rot90(Lambda,2); 
%Q=fliplr(Q); 
%Lambda 
% PERCENT AND CUMULATIVE VARIANCE 
Pervar = (100*Lambda/TV); 
cutoff=0; 
count=0; 
for i=1:p 
 if cutoff <= alpha; 
   cutoff=cutoff + Pervar(i,i); 
   count=count + 1; 
 end 
end 
Pervar=diag(Pervar); 
Cumvar = zeros(p,1); 
for i=1:p 
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  Cumvar(i)= sum(Pervar(1:i,1)); 
end 
 
% FACTOR LOADINGS (B); SCORES(F) 
B=U*Q; 
F=U'*B*inv(Lambda); 
scF = (sqrt(p))*F; 
  
% GOODNESS OF FIT STATISTICS; COMMUNALITIES 
Comm=diag(B*B'); 
%Resmeans = ones(p,count); 
%  for j=count:-1:1 
%    Uest=B(:,1:j)*F(:,1:j)'; 
%    Resmeans(:,j)=(mean(Uest)-mean(U))'; 
%  end 
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Appendix 5.2f. - Code for function nodosgoodns.m 
%  Calculates goodness of fit statistics for qmode factor analysis using Meisch (1976)  
% extensions. 
 
function [x] = nodosgoodns(X,B,CFS,scalefactors,Xmax,Xmin,Ks, 
Kbar,vectorlengths,lpfid,variable) 
 
 [n,nf] = size(B); 
[n,nv] = size(X); 
variance = var(X); 
Ascale = ones(nf-1,nf); 
for i = 1: nf-1 
    for j = i+2: nf 
        Ascale(i,j) = 0.0; 
    end 
end 
sumr = zeros(nv, nf-1); 
sumsr = zeros(nv, nf-1); 
for i =1: n 
   asum = cumsum(B(i,:) ./ scalefactors); 
    asum = asum(2:nf); 
    A = ones(nf-1,1)*B(i,:); 
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    A = A ./ (ones(nf-1,1) * scalefactors); 
    A = A * Ks(i)/Kbar; 
   A = A ./ (asum' * ones(1,nf)); 
    A = A .* Ascale; 
   xest = A * CFS'; 
    resid = xest - ones(nf-1,1) * X(i,:); 
   sumr = sumr + resid'; 
   sumsr = sumsr + (resid .* resid)'; 
end 
  
sumr = sumr/n; 
sumsr = sumsr/n - (sumr .* sumr); 
goodness = ((variance' * ones(1,nf-1)) - sumsr) ./(variance' * ones(1,nf-1)); 
sumsr = sqrt(sumsr); 
gmatrixprint(lpfid,['Residual Means for 2 to ' num2str(nf) ' Factors'],sumr,variable); 
gmatrixprint(lpfid,['Residual STD. DEVS. for 2 to ' num2str(nf) ' 
Factors'],sumsr,variable); 
gmatrixprint(lpfid,['Coef. of Determination for 2 to ' num2str(nf) ' 
Factors'],goodness,variable); 
x = goodness; 
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Appendix 5.2g. - Code for function compositionscores2m.m 
 
%   Calculates the composition scores for qmodemain2m 
 
function [CFS, scalefactors] = compositionscores2m(FS,Kbar,Xmax,Xmin) 
 
[nv nf] = size(FS); 
Xmax = Xmax(:); % forces Xmax to be column vector 
FS = FS .* (Xmax * ones(1,nf)); 
scalefactors = sum(FS,1); 
scalefactors = Kbar ./ scalefactors; 
CFS = FS .* (ones(nv,1) * scalefactors); 
CFS = CFS + (Xmin' * ones(1,nf)); 
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Appendix 5.2h. - Code for the function varimax.m 
 
% Performs the varimax factor rotation and returns a transformation matrix (T). 
% This procedure follows algorithms from Harman (1960).  Modified by N.G. Pisias to  
% fix the convergence criteria.  
% We let the program do 10 iterations.  Convergence is usually very fast. 
 
function [B, T] = varimax(nf,Lding) 
 
B = Lding; 
[n,nf]=size(Lding); 
T = eye(nf); 
hjsq = diag(Lding*Lding'); 
hj = sqrt(hjsq);  % communalities calculated 
%v0 = vfunct(Lding,hj); 
for it = 1:10 % Never seems to need very many iterations, but add more if needed 
 
for icount = 1: nf-1 % Cycles through 2 factors at a time 
  jl = icount + 1; 
  for j = jl: nf 
     xj = Lding(:,icount)./hj; 
     yj = Lding(:,j)./hj; 
     uj = xj.*xj - yj.*yj; 
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     vj = 2*xj.*yj; 
     A = sum(uj); 
     BB = sum(vj)'; 
     C = uj'*uj - vj'*vj; 
     D = 2*uj'*vj; 
     num = D -2 * A * BB/n; 
     den = C - (A^2 - BB^2)/n; 
     tan4p = num/den;   
     phi = atan2(num,den)/4; % this finds the right quadrant 
     angle = phi*180/pi; 
     if abs(phi) > .0000 
        Xj = cos(phi)*xj + sin(phi)*yj; 
        Yj = -sin(phi)*xj + cos(phi)*yj; 
        bj1 = Xj.*hj; 
        bj2 = Yj.*hj; 
        B(:,icount) = bj1; 
        B(:,j) = bj2; 
        Lding(:,icount) = B(:,icount); 
        Lding(:,j) = B(:,j); 
        for k = 1:nf 
           tp = T(k,icount); 
           T(k,icount) = tp * cos(phi) + T(k,j) * sin(phi); 
	  	  
268 
           T(k,j) = -tp * sin(phi) + T(k,j) * cos(phi); 
        end 
      end 
    end 
end 
Lding = B; 
hjsq = diag(Lding*Lding'); 
hj = sqrt(hjsq);  % communalities calculated 
%v = vfunct(Lding,hj); 
%   if abs(v - v0) > 0.0000000000000000001; 
%      break 
%   else 
%      v0 = v; 
%   end 
end; 
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Appendix 5.2i. - Code for function bmatrixprint.m 
 
% Formats and outputs the factor loadings from qmode2mainm. 
 
function x = bmatrixprint(lpfid,title,inmatrix) 
 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m-2 
label = [label '%8i ']; 
end 
label = [label '\n']; 
format = '%8i %8i '; 
for j = 1: m-1 
  format = [format '%8.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']); 
fprintf(lpfid,['  No.   Sample ID  Comm. ', label], [1: 1:m-2]); 
fprintf(lpfid,format,[rownum inmatrix]'); 
fprintf(lpfid,'\n'); 
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Appendix 5.2j. - Code for function fmatrixprint.m 	  
% Formats and outputs the factor scores from qmode2mainm.  
 
function x = fmatrixprint(lpfid,title,inmatrix,variable) 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m 
label = [label '%12i ']; 
end 
label = [label '\n']; 
format = '%12.4f '; 
for j = 1: m-1 
  format = [format '%12.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']); 
fprintf(lpfid,[' Row No. Variable', label], [1: 1:m]); 
for i = 1: n 
lineout = sprintf('%12i ',rownum(i)); 
lineout = [lineout, sprintf('  %s    ',variable(i).names)]; 
lineout = [lineout, sprintf(format,inmatrix(i,:))]; 
%fprintf(lpfid,format,[rownum inmatrix]'); 
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fprintf(lpfid,'%s',lineout); 
end 
fprintf(lpfid,'\n'); 
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Appendix 5.2k. - Code for function positiverot.m 
 
% Calculates the extra rotation needed to bring composition scores into a positive space  
% from qmode2mainm. 
 
function[ERCS]=positiverot(X,CFS) 
 
% CFS: Composition factor scores resulting after "composition scores function" 
% X: matrix of original data 
% ERCS: Extra rotated composition scores 
meanx=mean(X); 
[nv,nf]=size(CFS); 
MaxRT=ones(1,nf); 
ERCS=ones(nv,nf); 
    for j=1:nf 
        MaxR=0; 
        for i=1:nv 
            if CFS(i,j)<0 
            Rot=CFS(i,j)/(CFS(i,j)- meanx(i)); 
            if Rot>MaxR 
            MaxR=Rot; 
            end 
            end 
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        end 
        MaxRT(j)=MaxR; 
        if MaxRT(j)>0 
            for i=1:nv 
                ERCS(i,j)=((1-MaxRT(j))*CFS(i,j))+((MaxRT(j)*meanx(i))); 
                if ERCS(i,j)<0 
                    ERCS(i,j)=0; 
                end 
            end 
        elseif MaxRT(j)==0 
            for i=1:nv 
                ERCS(i,j)=CFS(i,j); 
            end 
        end 
    end 	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Appendix 5.2l. - Code for function gmatrixprint.m 
 
% Formats and prints the goodness of fit statistics from  
% nodogoodness.  
 
function x = gmatrixprint(lpfid,title,inmatrix,variable) 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m 
label = [label '%12i ']; 
end 
label = [label '\n']; 
format = '%12.4f '; 
for j = 1: m-1 
  format = [format '%12.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']);  
fprintf(lpfid,[' Row No. Variable', label], [2: 1:m+1]); 
for i = 1: n 
lineout = sprintf('%12i ',rownum(i)); 
lineout = [lineout, sprintf('  %s    ',variable(i).names)]; 
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lineout = [lineout, sprintf(format,inmatrix(i,:))]; 
%fprintf(lpfid,format,[rownum inmatrix]'); 
fprintf(lpfid,'%s',lineout); 
end 
fprintf(lpfid,'\n'); 
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Appendix 5.3a - Annotated User Guide for Constrained Least Squares Scripts 
This appendix is designed to explain the use of the constrained least squares (CLS) 
MATLAB code. In order to perform CLS in MATLAB, the following scripts must be 
placed in the working directory (all files are formatted for easy copy-and-paste input into 
MATLAB): 
- solvel2mainm.m 
- l1matrixprint.m 
- matrixprint.m 
 
As an overview, in order for the system of linear equations to remain over-determined, 
the number of variables (in this case, chemical elements) must be more than the number 
of end-members. The results are strongly dependent on the selected fixed end-member 
compositions of the end-members. Aside from a priori knowledge, the robustness of the 
model can be assessed by: 
1. Relative contributions summing to 100%. The difference between the 
summation of relative contributions and 100% is the statistical residual. Since 
most analytical errors are within 5% of the various measured values, a robust 
statistical model should have residuals <5%, assuming all end-members are 
accounted for. However, in some cases, the statistical residual may be >5%, 
suggesting that the model may be missing an end-member and/or the 
compositions of the end-members used as inputs are inaccurate for the 
situation at hand. There is important scientific information that can be gained 
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from this information. For example, if the residuals are quite low in an older 
portion of a stratigraphic sequence, but become progressively larger up-
section (as time passes), then perhaps this is indicating that the sources to the 
sediments are changing with time. 
 
2. Coefficient of determination. This is the best-fit statistic (that is, r2 x 100) for 
each element in the model. This value represents how well the model explains 
the variability of each given element. If the model is the result of a perfect mix 
of the end members, each element’s value would be 100%. 
 
Below is a detailed, step-by-step outline of what is needed to perform CLS using the 
MATLAB scripts included in this paper: 
1) Create a Summary File (example provided below): 
• In an Excel worksheet, construct a summary data file of sample numbers 
(e.g., in chronological order if so desired) followed by the labels and the 
concentration data from your samples.  
• Create another column that sums the concentrations used in the model. 
This column is used to determine a normalization factor for the data with 
the goal of having the input sum be less than 1.  
• Example: In the dataset shown below, the sum of each sample ranges 
between 100,000 and 1,000,000, so the concentration data in each column 
for each sample will be divided by 1,000,000.  
	  	  
278 
 
 
•  Create a separate Excel worksheet in the workbook that contains the end-
members and their respective compositions. Normalize the end-member 
compositions to the same value as the original dataset. Make sure the 
concentration for each element is in the same unit as the data. 
 
 
 
2) Create data input file. 
• In order to input the data into MATLAB, copy and paste ONLY the 
sample number and concentration data (no sample names and no element 
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names) into a MATLAB file (e.g., “nazca_CLS_input.m”) in the working 
directory. 
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3) Create the end-member input file. 
• Copy and paste ONLY the end-member concentrations (no end-member 
names and no element names) into a MATLAB (*.m) file (e.g., 
“nazca_CLS_EM.m”) in the MATLAB working directory. 
 
 
 
4) Create label file. 
• Copy and paste element symbols only; into a MATLAB (*.m) file in the 
working directory (e.g., “nazca_CLS_label.m”), as shown below. Note 
that the element symbols are transposed (in a column, even though the 
end-members are in rows.) 
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Prior to analysis, check the following: 
Ø Same units between data input and end-member concentrations.  
Ø The number of elements (variables) is at least one more than the number 
of end-member (so the problem is over-determined).  
Ø The end-member input file contains the normalized individual end-
member concentrations that sum to 1,000 (or 1,000,000). 
 
5) Open MATLAB: 
• Open the correct working directory. This should contain all the necessary 
CLS scripts (listed above) as well as the data and label files. 
• At the command prompt, type solvel2mainm (without the .m extension) 
• Follow onscreen instructions to read in files. Make sure that each file 
entered contains the .m extension. 
 
6) Working with the output file: 
• Once the MATLAB calculation is complete (a new prompt appears), open 
the output file and copy the contents. Paste the output into an Excel 
worksheet, select column A in Excel and in the data menu select “text to 
column”, select “Delimited,” then “Space.” 
• After the output file is open in Excel, copy and paste the entire worksheet 
into the summary file workbook as a separate, “output” worksheet. Each 
sample is identified in order (1, 2, 3…). Highlight each of the relative 
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fractions and paste them into a main “Summary” worksheet, as separate 
columns. 
 
 
7) Calculating Relative Contributions. 
• In the “Summary” File, calculate the sum of fractions generated by the 
CLS (output sum). In the below example, the sum in Column Q is the sum 
of Columns L through P. 
• Next, calculate the residual fraction, by subtracting the input sum from the 
output sum. In the below example, this means subtracting Column J from 
Column Q. 
• Finally, calculate the relative contribution of each end-member by 
dividing each end-member’s output fraction by the input sum, multiplied 
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by 100. The relative contribution is based on the input sum rather than the 
output sum as we assume that most of the data is explained by the 
elements in the prescribed dataset. This can be re-evaluated depending on 
the user’s needs. For example, one could calculate the relative contribution 
of each end-member using the output sum with the assumption that there 
may be variability in the dataset that is not explained by the elements used 
in the model. 
 
 
 	  	  	  	  	  	  	  	  	  
	  	  
284 
Appendix 5.3b. Example CLS Output 
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Note: This table has been modified for length. The entire table is available in Microsoft 
Excel format in Scudder, R.P., Murray R.W., Schindlbeck, J.C., Kutterolf, S., Hauff, F., 
and McKinley, C.C., 2014. Large-scale dispersed and discrete ash input to the Izu-Bonin 
and Marianas subduction zones. Geochemistry, Geophysics and Geosystems, 
doi: 10.1002/2014GC005561, in press. 
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Appendix 5.3c. – Code for solvel2mainm.m 
% Program fits linear partitioning model using the  
% constrained least squares routine. 
 
clear; 
lp_file = input('Enter file name for saving output: ','s'); 
disp(' '); 
lpfid = fopen(lp_file,'w'); 
runlabel = input('Enter title: ','s'); 
runlabel = ['SOLVE Least Squares ' runlabel ' ' datestr(now,0)]; 
fprintf(lpfid,[runlabel '\n']); 
 
% loads nazca plate surface sediment chemical composition data 
fid = -1; 
while fid == -1 
    disp(' '); 
    infile = input('Enter file name of input data: ','s'); 
    [fid,message]=fopen(infile,'r'); 
end 
fclose(fid); 
X1 = load (infile); 
nv = size(X1,2); 
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X = X1(:,[2:nv]); 
 
%X = X/1000.; %inserted for the nazca plate data 
[N nv] = size(X); 
numvar = [1: 1: nv]'; 
sampnums = X1(:,1); 
fid = -1; 
while fid == -1 
     disp(' '); 
    labelfile = input('Enter file name with variable labels: ','s'); 
    [fid,message]=fopen(labelfile,'r'); 
end 
for i = 1: nv 
    variable(i).names = fscanf(fid,'%s',1); 
end 
  
fid = -1; 
while fid == -1 
    disp(' '); 
    infile = input('Enter file name with end-member compositions: ','s'); 
    [fid,message]=fopen(infile,'r'); 
end 
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fclose(fid); 
d = load (infile);  
% d matrix is a linear matrix with one number per line. 
% composition of end member 1 first, then 2 etc. 
% We know the number of variables.  size of d gives use the  
% number of end-members. 
  
nf = size(d(:),1)/nv; 
d_matrix = reshape(d,nf,nv)'; 
coef = d_matrix;    % coef now has end-member compositions 
   
fprintf(lpfid,'Cost set at 1/sqrt(observed(i)) \n'); 
matrixprint(lpfid,'Composition Matrix',coef); 
  
% add constraint that sum of coeff. add to 1.0 
coef(nv+1,:) = 1.0/nf; 
  
% zero vectors for goodness of fit calculation 
sumr = zeros(nv, 1); 
sumsr = zeros(nv, 1); 
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% set options for lsqnonneg 
options = optimset('Diagnostics','off'); 
 
% Start main loop 
for i = 1: N 
  rhs = [X(i,:) 1];      % rhs right hand side of equations 
  scale = sqrt(rhs);     % scale by right hand side 
  for j = 1: nv 
    if scale(j) ~= 0     % don't divide by Zero 
       scale(j) = 1/scale(j); 
    end 
  end 
  scale(nv+1) = 1.0;    % scale for the sum of coefficients 
  A = (scale'*ones(1,nf)) .* coef; 
  % apply scales and then make column vector 
  rhs = rhs .* scale;  
  rhs = rhs(:); 
  xbasic = lsqnonneg(A,rhs,[],options); % we did use nnls 
  B(i,:) = xbasic';    
  % save end-member weights for later and make rows 
  rhs = rhs ./scale';    
  % in B.  Remove scaling  
	  	  
292 
   
EndMembers = ones(nv,1) * B(i,:) .* coef(1:nv,:);  
 
% calculate contribution of each end-member in sample 
Estimate = B(i,:) * coef(1:nv,:)';   
Estimate = Estimate';                                       % estimate sample composition 
residual = rhs(1:nv,:) - Estimate; % residual 
matrixprint(lpfid,['End Member Weights for Sample ' num2str(i)], B(i,:)); 
l1matrixprint(lpfid,['Sample ' num2str(i)],... 
    [EndMembers rhs(1:nv,:) Estimate residual],variable); 
 
% sum residuals 
   sumr = sumr + residual; 
   sumsr = sumsr + (residual .* residual); 
  
end 
variance = var(X); 
sumr = sumr/N; 
sumsr = sumsr/N - (sumr .* sumr); 
goodness = (variance' - sumsr) ./(variance'); 
goodness = 100.*goodness;        
 
	  	  
293 
% goodness of fit is (var(data) - var(resid))/var(data) 
sumsr = sqrt(sumsr); 
matrixprint(lpfid,'Residual Means ',sumr'); 
matrixprint(lpfid,'Residual STD. DEVS. ',sumsr'); 
matrixprint(lpfid,'Coef. of Determination ',goodness'); 
aoutfid = fopen('A_leastsq.doc','w'); 
  
fprintf(aoutfid,'%8.3f %8.3f %8.3f %8.3f %8.3f\n',B'); 
fclose(aoutfid); 
  
fclose(lpfid); 
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Appendix 5.3d. – Code for function matrixprint.m 
% Formats and outputs data matrices 
 
function x = matrixprint(lpfid,title,inmatrix) 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m 
label = [label '%8i ']; 
end 
label = [label '\n']; 
format = '%8i %8.4f '; 
for j = 1: m-1 
  format = [format '%8.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']); 
fprintf(lpfid,['Row No.', label], [1: 1:m]); 
fprintf(lpfid,format,[rownum inmatrix]'); 
fprintf(lpfid,'\n'); 
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Appendix 5.3e. – Code for function l1matrixprint.m 
% Formats and prints output from solvel2mainm.m 
 
function x = l1matrixprint(lpfid,title,inmatrix,variable) 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m 
label = [label '%12i ']; 
end 
label = [label '\n']; 
format = '%12.4f '; 
for j = 1: m-1 
  format = [format '%12.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']); 
  
  
lineout = sprintf(['     Row No. Variable', label], [1: 1:m-3]); 
lineout = [lineout '        Observed    Estimated     Residual']; 
fprintf(lpfid,'%s ',lineout); 
fprintf(lpfid,'\n'); 
  
for i = 1: n 
lineout = sprintf('%12i ',rownum(i)); 
  
lineout = [lineout, sprintf('      %s    ',variable(i).names)]; 
  
lineout = [lineout, sprintf(format,inmatrix(i,:))]; 
 
%fprintf(lpfid,format,[rownum inmatrix]'); 
fprintf(lpfid,'%s',lineout); 
end 
fprintf(lpfid,'\n'); 
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Appendix 5.4a. - Annotated User Guide for Total Inversion Scripts  
This appendix is designed to explain the use of the Total Inversion (TI) MATLAB code. 
In order to perform TI the following scripts must be placed in the working directory (all 
files are formatted for easy copy-and-paste input into MATLAB): 
- totalinvmain.m 
- l1matrixprint.m 
- fxkevl.m 
- fkfind.m 
 
The procedural steps are very similar to CLS (Appendix 5.3), with the exception of 
constructing a variance input file. This variance allows for the end member compositions 
to vary, which is more geologically and analytically reasonable. In essence, and using 
SiO2 as an example, this allows one to specify a rhyolitic end member to be SiO2 = 75.1 ± 
0.5 weight %, instead of being precisely 75.1 ± 0.0. The variance should be presented as 
the same units as the element concentration in the end-member composition. To set-up 
the input file for MATLAB, the analytical uncertainty is also needed.  
 
Below is a detailed, step-by-step outline of what is needed to perform TI using the 
MATLAB scripts included in this paper. Many of these steps are identical to those 
described in Appendix 5.3a and are included here for completeness. 
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1) Create data input file (example provided below) 
• In an Excel worksheet create a data file containing a column that numbers 
each sample (e.g., in chronological order if so desired) followed by the 
concentration data from your samples. Do not label these columns. 
• In order to input your data into MATLAB, copy and paste this data file 
into a MATLAB (*.m), file in the MATLAB working directory. When 
naming this file it is useful to denote that it is the input file (e.g., 
“nazca_TI_input.m”). The total inversion program will divide these values 
by 1000 for ease of data manipulation. 
	  	  
298 
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2) Create end-member input file in Excel. 
• Create a separate worksheet in the Excel workbook that contains end-
members and their respective compositions. Divide the end-member 
compositions by1000 to make the units the same as the data.  
 
 
 
• Copy and paste ONLY the end-member concentrations (no end-member 
names and no element names) from the Excel file into a MATLAB (*.m) 
file (e.g., “nazca_TI_EM.m”) in the working directory, as shown below. 
 
 
 
3) Create label file. 
• Copy and paste element symbols only; into a MATLAB (*.m) file in the 
working directory (e.g., “nazca_TI_label.m”), as shown below. Note that 
	  	  
300 
the element symbols are transposed (in a column, even though the end-
members are in rows.) 
 
 
 
4) Create a variance file in Excel. 
• The variance input file should be set-up as a single vectorized matrix (with 
one number per line). An example is provided below. The length of this 
matrix is (m + n + (m x n)), where m is the number of elements and n is 
the number of end-members. The first m items are the analytical precision 
of each element, and the next n items are the variance of the abundance of 
each end member. The last m x n items are the standard deviations of each 
end member grouped by element (i.e., the standard deviation of each end 
member of the first element, then the standard deviation of each end 
member for the second element, and so on). We suggest 1-sigma as a good 
starting point, but the user may tailor these as desired. Regardless, the 
variances must be in the same units as the data. Since we are working in 
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ppm/1000 units for the nazca plate data then the units of variance are 
(ppm/1000)2 (this value is squared as it is formally a covariance as per 
Tarantola and Valette, 1982, p. 225). 
 
Copy and paste the variances into a MATLAB (*.m) file (e.g., “nazca_TI_var.m”) in the 
working directory, as shown below. 
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It is extremely important to properly assign the variance for each element in each end-
member. Keep in mind that the larger variability that is selected, the smaller the residual 
will be, which does not necessary imply a more robust model. The aim should be to keep 
the variance as small as possible, while still capturing the true variability of the end-
member concentration. 
 
5) In MATLAB: 
• Open the correct working directory. This should contain all the necessary 
TI scripts as well as the data and label files. 
• At the command prompt, type totalinvmain (without the .m extension) 
• Follow onscreen instructions to read in files. Make sure that each file 
entered contains the .m extension. 
 
6) Working with the output file: 
• Once the MATLAB calculation is complete (a new prompt appears), open 
the output file and copy the contents. Paste the output into an Excel 
worksheet, select column A in Excel and in the data menu select “text to 
column” select “Delimited,” then “Space.” 
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• After the output file is open in Excel, copy and paste the entire worksheet 
into the summary file worksheet as a separate, “output” worksheet. Each 
sample is identified in order (1, 2, 3…). The user will need to highlight 
each of the relative fractions and paste them into a separate worksheet, as 
separate columns. 
 
7) Calculating Relative Contributions. 
• Create a “Summary” worksheet with the data divided by 1000, and 
calculate the sum (input sum). In the below example this would be the sum 
of columns B through I.  
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• Copy the relative fractions into this worksheet. Calculate the sum of 
fractions generated by the TI (e.g., columns L through P in the below 
example) and multiply by 1000 (output sum). 
• Next, calculate the residual fraction, by subtracting the input sum from the 
output sum (in this case subtract column J from column Q). 
• Finally, calculate the relative contribution of each end-member by 
multiplying each end-member’s output fraction by 1000, dividing by the 
output sum and multiplying by 100. The relative contribution is based on 
the output sum, as we assume that there is some variability that is 
unexplained by the elements in the dataset. This can be re-evaluated based 
on the user’s needs. 
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Appendix 5.4b. - Example Total Inversion Output 
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Note: This table has been modified for length. The entire table is available in Microsoft 
Excel format in Scudder, R.P., Murray R.W., Schindlbeck, J.C., Kutterolf, S., Hauff, F., 
and McKinley, C.C., 2014. Large-scale dispersed and discrete ash input to the Izu-Bonin 
and Marianas subduction zones. Geochemistry, Geophysics and Geosystems, 
doi: 10.1002/2014GC005561, in press. 	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Appendix 5.4c. - Code for totalinvmain.m 
% The basic code was provide by Frank Kyte and his student Lei Zhou. It solves the  
% partitioning problem using "total nonlinear inversion techniques" outlined by 
% Tarantola, A. and B. Vallette, Rev. Geophys. Space Phys., 20, 219-232, 1982. 
% 
%    Basic equations: 
% 
% In matrix notations a sample T[m x 1] where m is number of 
% elements is equal to the matrix product: 
%         T[m x 1] = C[m x n] * E[n x 1]  
% where n is the number of end-members, C[i,j] is the concentration 
% of the i-th element in the j-th end-member and E[i] is the  
% relative fraction of the i-th end-member in the sample. 
%    defining the function: f(x) = T - C * E  
%    where x is a vector of [T1,... Tm, E1,..En, C11, C12... Cmn] 
% we wish to minimize the weighted sum of squres: 
%       s(x) = (x - x0)t * C0(inverse) * (x - x0)  
% where t denots transpose and C0 is the covariance matrix  
% of all parameters and data in x  (usually assumed to be diagonal) 
%     x0 is the a priori (initial guess) vector.  
% the solution to this equations is given by: 
%      x = x0 + C0 * Ft * ( F * C0 * Ft)-1 * { F * (x - x0) - f(x)} 
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% where the matrix F is the partial derivatives of f(x) such that 
%      F[i,j] is the partial of d{f[i]}/d{x[j]} 
%      d{g} denote the partial derivative.  
% In the partitioning case, f[i] is the equation for the i-th element 
% or row in the matrix T - C * E.  The j-th terms refers to the j-th  
% term in the vector x = [T1,... Tm, E1,..En, C11, C12... Cmn] 
% comments added by N.G. Pisias 11/14/90 Coded for MATLAB 5/4/99 
  
clear; 
lp_file = input('Enter file name for saving output: ','s'); 
disp(' '); 
lpfid = fopen(lp_file,'w'); 
runlabel = input('Enter title: ','s'); 
runlabel = ['TOTAL INVERSION ' runlabel ' ' datestr(now,0)]; 
fprintf(lpfid,[runlabel '\n']); 
 
% loads nazca plate surface sediment chemical composition data 
fid = -1; 
while fid == -1 
    disp(' '); 
    infile = input('Enter file name of input data: ','s'); 
    [fid,message]=fopen(infile,'r'); 
	  	  
313 
end 
fclose(fid); 
X1 = load (infile); 
nv = size(X1,2); 
X = X1(:,[2:nv]); 
X = X/1000.; %inserted for the nazca plate data 
variance = var(X); 
[N nv] = size(X); 
numvar = [1: 1: nv]'; 
sampnums = X1(:,1); 
fid = -1; 
while fid == -1 
     disp(' '); 
    labelfile = input('Enter file name with variable labels: ','s'); 
    [fid,message]=fopen(labelfile,'r'); 
end 
for i = 1: nv 
    variable(i).names = fscanf(fid,'%s',1); 
end 
  
fid = -1; 
while fid == -1 
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    disp(' '); 
    infile = input('Enter file name with end-member compositions: ','s'); 
    [fid,message]=fopen(infile,'r'); 
end 
fclose(fid); 
d = load (infile); % d matrix is a linear matrix with one number per line. 
                    % composition of end member 1 first, then 2 etc. 
  
% we know the number of variables.  The size of d use the number of end-members 
nf = size(d(:),1)/nv; 
d_matrix = reshape(d,nf,nv)'; 
coef = d_matrix;                 
  
matrixprint(lpfid,'Composition Matrix',coef); 
  
% total number of elements is ntotal = nv+nf+(nf*nv) 
nde = nv * nf; 
ntotal = nv + nf + nde; 
  
% covariance initially set to be diagonal, with zeros off diagonal and diagonal elements 
% errors first of the nv precisions, for the end members and then errors for the                
% composition matrix 
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fid = -1; 
while fid == -1 
    disp(' '); 
    infile = input('Enter file name with variances: ','s'); 
    [fid,message]=fopen(infile,'r'); 
end 
fclose(fid); 
comatrix = load (infile); % d matrix is a linear matrix with one number per line. 
    % composition of end member 1 first, then 2 etc. 
  
matrixprint(lpfid,'Variance Vector',comatrix); 
temp = comatrix; 
co = zeros(ntotal,ntotal);      % zero covariance matrix of variables 
for i = 1: ntotal 
   co(i,i) = temp(i); 
end 
  
% define the initial guess vector x0.  First part is data from a sample (nv) then 1/nf for nf 
% values and then coef array. 
x0 = zeros(ntotal,1); 
x0(nv+1:nv+nf,1) = 1/nf; 
temp = coef'; 
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x0(nv+nf+1:ntotal,1) = temp(:); 
x0 = x0'; 
  
% define the fk matrix diagonal matrix for nv x nv, then all ones 
fk = [eye(nv,nv) ones(nv,ntotal-nv)]; 
  
for i = 1: nv 
   for j = nv+nf+1: ntotal 
      itop = nv+nf+1 + (nf * i); 
      ibottom = nv+nf+1 + nf * (i-1); 
      if j >= itop || j < ibottom 
         fk(i,j) = 0; 
      end 
   end 
end 
%  save initial matricies 
savex0 = x0; 
savexk = x0; 
saveco = co; 
savefk = fk; 
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% zero vectors for goodness of fit calculation set lstep and eps number of iterations and 
accuracy 
lstep = 1000; 
eps = .001; 
  
% zero vectors before starting loop 
sumr = zeros(nv, 1); 
sumsr = zeros(nv, 1); 
compmean = zeros(nv,nf); 
compvar = zeros(nv,nf); 
B = zeros(N,nf); 
  
% Start main loop 
for i = 1: N 
   x0 = savex0; 
   xk = savexk; 
   co = saveco; 
   fk = savefk; 
    
  raw = X(i,:); 
  x0(1,1:nv) = raw; 
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  fk = fkfind(nv,nf,xk,fk); 
%  disp('done with initial entrance to fkfind') 
[fxk afxk] = fxkevl(nv, nf, xk); 
%  disp('done with initial call to fxkevl') 
   
% iteration loop here 
  for it = 1: lstep 
     x = x0' + co * fk' * inv(fk * co * fk') * (fk * ( xk' - x0') - fxk); 
     xk = x'; 
     for izerocheck = nv+1: nv+nf 
        if xk(izerocheck) < 0 
           xk(izerocheck) = 0; 
           x0(izerocheck) = 0; 
           co(izerocheck,izerocheck) = 0; 
        end 
     end 
     [fxk afxk] = fxkevl(nv, nf, xk); 
     if sum(abs(afxk)) <= eps 
        disp ('Sample Done') 
        Estimate1 = xk(1:nv)'; 
            coef = xk(nv+nf+1:nv * nf + nv + nf); 
            coef = reshape(coef,nf,nv)'; 
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            compmean = compmean + coef; 
            compvar = compvar + coef .* coef; 
            B(i,:) = xk(nv+1:nv+nf); 
            EndMembers = ones(nv,1) * B(i,:) .* coef(1:nv,:); 
            Estimate = B(i,:) * coef(1:nv,:)'; 
            Estimate = Estimate'; % calculated for debug purposes 
            residual = raw(:) - Estimate1; 
            matrixprint(lpfid,['End Member Weights for Sample ' num2str(i)], B(i,:)); 
            l1matrixprint(lpfid,['Sample ' num2str(i)], [EndMembers raw(:) Estimate1 
residual],variable); 
  
% sum residuals 
        sumr = sumr + residual; 
        sumsr = sumsr + (residual .* residual); 
         if i < N 
            break 
         else 
            compmean = compmean/N; 
            compvar = compvar/N - compmean .*compmean 
            matrixprint(lpfid,'Mean Composition ', compmean); 
            matrixprint(lpfid,'Composition Variance ',compvar); 
                    sumr = sumr/N; 
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            sumsr = sumsr/N - (sumr .* sumr); 
            goodness = (variance' - sumsr) ./(variance'); 
            goodness = 100.*goodness; 
            sumsr = sqrt(sumsr); 
            matrixprint(lpfid,'Residual Means ',sumr'); 
            matrixprint(lpfid,'Residual STD. DEVS. ',sumsr'); 
            matrixprint(lpfid,'Coef. of Determination ',goodness'); 
            break 
            end 
         
       end 
       fk = fkfind(nv,nf,xk,fk); 
    end 
 end 
aoutfid = fopen('A_totalinv.doc','w'); 
  
fprintf(aoutfid,'%8.3f %8.3f %8.3f %8.3f %8.3f\n',B'); 
fclose(aoutfid); 
fclose(lpfid); 
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Appendix 5.4d. – Code for function fxkevl.m 
 
% Evaluates the composition matrix. 
 
function [fxka, afxka] = fxkevl(nelem, nend, xka) 
  
nde = nelem * nend; 
ntotal = nelem + nend + nde; 
datam = xka(1,1:nelem);         % get the data out of vector 
para = xka(1,nelem+1:nelem+nend);   % get the model fit parameters 
datae = xka(1,nelem+nend+1:ntotal); % get the composition matrix 
datae = reshape(datae,nend,nelem);  % reshape the composition to nend x nelem 
  
sum = para * datae;         % calculate the model fit given model parameters and               
% compositions 
%   fxka(k,1) = datam(k) - sum; 
%   dumfxk(k) = datam(k) - sum; 
fxka = datam - sum;         % calculate error vector 
dumfxk = datam - sum; 
  
for k = 1: nelem 
   if datam(k) ~= 0 
      afxka(k) = dumfxk(k)/datam(k); 
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   else 
%      disp('Zero divide in fxkevl') 
      afxka(k) = 0.; 
   end 
end 
fxka = fxka';               % transpose to get dimensions 
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Appendix 5.4e. – Code for function fkfind.m 
 
% to find partial derivatives of fk at xk 
  
function fka = fkfind(nelem,nend,xk,fk) 
 
nde = nelem * nend; 
ntotal = nelem + nend + nde; 
datam = xk(1,1:nelem); 
para = xk(1,nelem+1:nelem+nend); 
datae = xk(1,nelem+nend+1:ntotal); 
max = nelem+nend; 
index = 0; 
for i = 1:nelem 
   for j = 1:ntotal 
      if fk(i,j) ~= 0 
         if i == j 
            fk(i,j) = 1.; 
         elseif j <= max & i~=j 
            ll = j-nelem; 
            kk = ll+index; 
            fk(i,j) = -datae(kk); 
            else 
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            kk = nelem+nend+index; 
            ll = j-kk; 
            fk(i,j) = -para(ll); 
         end  
      end 
   end 
   index = index+nend; 
end 
fka = fk; 
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Appendix 5.4f. – Code for function l1matrixprint.m 
 
 
% Formats and prints output from totalinvmain.m 
 
function x = l1matrixprint(lpfid,title,inmatrix,variable) 
 
[n m] = size(inmatrix); 
rownum = [1: 1:n]'; 
label = ''; 
for i = 1: m 
label = [label '%12i ']; 
end 
label = [label '\n']; 
format = '%12.4f '; 
for j = 1: m-1 
  format = [format '%12.4f ']; 
end 
format = [format,'\n']; 
fprintf(lpfid,[title ' \n']); 
  
lineout = sprintf(['     Row No. Variable', label], [1: 1:m-3]); 
lineout = [lineout '        Observed    Estimated     Residual']; 
fprintf(lpfid,'%s ',lineout); 
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fprintf(lpfid,'\n'); 
  
for i = 1: n 
lineout = sprintf('%12i ',rownum(i)); 
lineout = [lineout, sprintf('      %s    ',variable(i).names)]; 
lineout = [lineout, sprintf(format,inmatrix(i,:))]; 
%fprintf(lpfid,format,[rownum inmatrix]'); 
fprintf(lpfid,'%s',lineout); 
end 
fprintf(lpfid,'\n'); 
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APPENDIX A 
Geochemical Composition of Deep Sea Drilling Project Site 444 
Table A1: Chemical concentration data for Site 444. "mbsf" is "meters below seafloor". 
"wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table A2: Chemical composition of bulk ash layers at Site 444 as determined by ICP-ES 
and ICP-MS. These are chemical analyses of ash layers sampled and analyzed in bulk 
without any physical or chemical separation protocols. "mbsf" is "meters below seafloor". 
"wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table A3: Chemical composition of glass separated from ash layers at Site 444, as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "wt. %" is 
"weight percent". Data are overspecified for calculation purposes. 
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APPENDIX B 
Geochemical Composition of Ocean Drilling Program Sites 579 and 581 
Table B1: Chemical concentration data for Sites 579/581. "mbsf" is "meters below 
seafloor". "wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table B2: Chemical composition of bulk ash layers at Sites 579/581 as determined by 
ICP-ES and ICP-MS. These are chemical analyses of ash layers sampled and analyzed in 
bulk without any physical or chemical separation protocols. "mbsf" is "meters below 
seafloor". "wt. %" is "weight percent". "ppm" is "parts per million". Empty cells are for 
concentrations less than the detection limit. Data are overspecified for calculation 
purposes. 
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Table B3: Chemical composition of glass separated from ash layers at Sites 579/581, as 
determined by electron microprobe. "mbsf" is "meters below seafloor". "wt. %" is 
"weight percent". Data are overspecified for calculation purposes. 
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